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ABSTRACT

NONDESTRUCTIVE EVALUATION OF THE CONCRETE INFRASTRUCTURE USING NUCLEAR
MAGNETIC RESONANCE RELAXOMETRY

By
Iman Harsini

Management of the nation’s aging transportation infrastructure constitutes a growing financial
burden. Limited resources are available for inspection, maintenance, repair, rehabilitation and
replacement of the deteriorating infrastructure. More efficient management of the aging
concrete-based transportation infrastructure would allow for effective use of available resources

to maintain a viable transportation system.

Development of compact, lightweight and economically viable equipment for implementing
some analytical chemistry methods have facilitated their growing semi-destructive or
nondestructive field applications (e.g., in the field of geology). Initial efforts to make direct use
of these methods for semi- or non-destructive field evaluation of concrete, however, have
encountered challenges associated with the heterogeneity of concrete structure, and the
complexity of concrete structure and deterioration mechanisms. Nuclear Magnetic Resonance
(NMR) spectroscopy and relaxometry provide means of resolving and quantifying the chemistry
of chemical compounds in various materials. Advances have been made in recent years towards
applications of NMR for nondestructive inspection in the fields of manufacturing, arts and health
sciences. These advances open the prospects for nondestructive evaluation of the concrete-

based infrastructure with portable NMR systems.



In this research for the first time a comprehensive experimental approach is adopted to
investigate the effects of various deterioration mechanisms of concrete on the NMR relaxation
signals of water confined in concrete pore network using a portable NMR device. The relaxation
parameters such as transverse and longitudinal relaxation times and self-diffusion coefficients
are obtained for concrete exposed to accelerated aging conditions. These parameters are
obtained on the surface and in the depth of concrete at various stages of deterioration. At the
same time, corroborative measurements are obtained using UPV and elastic modulus tests, as
well as the microscopy observations. In case needed, other tests such as XRD, XRF and other
analytical techniques are utilized to further investigate the structure of concrete. Moreover, field
data is obtained by testing the existing concrete structures with unknown caused of the damage.
The obtained data are compared with established trends of concrete specimens. In this work, the
NMR trends of associated with various concrete deterioration mechanisms are identified and
discussed. These trends are established over time at different depths of concrete exposed to
various deterioration mechanisms. Moreover, a numerical study is performed to estimate the
porosity and permeability of concrete using a numerical model that receives NMR relaxation data
and predicts the properties of porous materials. In this model the NMR-derived fractional
volumes of free and bound fluid, logarithmic mean values of relaxation times and empirically
determined constant which depends on the surface relaxivity are incorporated. Results from this
study will help engineers to identify the cause and extent of damage in existing concrete
infrastructure. Additionally, it helps the researchers to study and characterize the damage to

concrete structure caused by various deterioration mechanisms from a fresh perspective.
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1 INTRODUCTION

1.1 General

Management of the nation’s aging transportation infrastructure constitutes a growing financial
burden. Limited resources are available for inspection, maintenance, repair, rehabilitation and
replacement of the deteriorating infrastructure. More efficient management of the aging
concrete-based transportation infrastructure, enabled by thorough and practical condition
assessment techniques, would allow for effective use of available resources to maintain a viable
transportation system. Condition assessment of the vast concrete-based transportation
infrastructure is challenged by the complex structure and deterioration mechanisms of concrete,

and the complicating effects of surface treatments.

Development of compact, lightweight and economically viable equipment for implementing
some analytical chemistry methods (e.g., x-ray diffractometry, nuclear magnetic resonance, X-
ray fluorescence spectroscopy, Fourier-transform infrared spectroscopy) have facilitated their
growing semi-destructive or nondestructive field applications (e.g., in the field of geology). Initial
efforts to make direct use of these methods for semi- or non-destructive field evaluation of
concrete, however, have encountered challenges associated with the heterogeneity of concrete
structure, and the complexity of concrete structure and deterioration mechanisms. Nuclear
Magnetic Resonance (NMR) spectroscopy and relaxometry provide means of resolving and
qguantifying the chemistry of chemical compounds in various materials. Advances have been

made in recent years towards applications of NMR for nondestructive inspection in the fields of



manufacturing, arts and health sciences. These advances open the prospects for nondestructive

evaluation of the concrete-based infrastructure with portable NMR systems.

Concrete comprises different elementary phases: cement hydrates, anhydrous cement,
unreacted pozzolans, water, and aggregates. Water resides within the pore system of concrete
(which covers a broad size range) in different binding conditions. Various processes of concrete

deterioration produce complex changes in the chemistry and structure of concrete.

1.2 Role of NMR in Condition Assessment of Concrete

NMR spectroscopy and relaxometry offer means of investigating the chemistry and
microstructure of cement-based materials, partly because they can resolve local structures of
materials [1].2°Si NMR spectroscopy provides quantitative information on the fractions of silicon
present in different tetrahedral environments in silicates as cementitious materials evolve during
hydration and pozzolanic reactions, and undergo various processes of deterioration (e.g., alkali-
silica reaction).?’Si NMR spectroscopy also reflects the structure of aggregates and their
deterioration conditions (e.g., due to alkali-silica reactions). 2’Al NMR spectroscopy is also helpful
for investigating the aluminum-bearing compounds in cement-based materials, which reflect the
progress of hydration and different aging mechanisms (e.g., sulfate attack and chloride ion
diffusion). 'H NMR magnetization relaxation offers tools for studying the pore (and crack)
systems covering broad size and connectivity conditions, which reflect upon the progress of
hydration and pozzolanic reactions, the quality of concrete, and the chemical and physical

processes of deterioration [2].



1.3 Nondestructive Methods of Concrete Inspection

Non-destructive inspection of the damage and deterioration conditions of concrete is challenged
by the heterogeneous structure and the complex physical and chemical manifestations of

concrete deterioration in service conditions.

The portable 'H NMR system can produce quantitative information on: (i) the spatial distribution
and concentration, morphology, and size distribution of concrete cracks and pores; (ii) the
concentration and spatial distribution of concrete moisture, distinguishing between different
binding states and mobility conditions of moisture; and (iii) manifestations and states of chemical

deterioration mechanismes.

The more advanced (existing or emerging) techniques for non-destructive condition assessment
of concrete, against which the portable NMR system should be compared to more directly,
include: (i) ultrasonic pulse velocity (indirect transmission method); (ii) impact (sonic-echo)
method; (iii) ground penetrating (short pulse) radar; (iv) infrared thermography; and [2] x-ray

computed tomography.

Other concrete non-destructive inspection techniques do not provide information that are
similar to those provided by portable above-mentioned methods but could still be compared with
or complement the portable NMR system. These techniques include: (vi) surface hardness
methods; (vii) penetration resistance techniques; (viii) pull-out tests; [3] maturity method; (x)
absorption and permeability tests; (xi) surface wave methods; (xii) acoustic emission; (xiii)

electrical resistivity; (xiv) electrochemical methods (corrosion potential, polarization resistance,



electrochemical impedance spectroscopy); and (xv) electromagnetic (covermeter) method; and

(xvi) backscattering microwave tomography.

1.3.1 Directly compared to non-destructive inspection techniques

1. Ultrasonic Pulse Velocity (Indirect Transmission Method): Indirect transmission of
ultrasound pulse allows for detection of the layers formed parallel to the surface of
concrete exposed to aggressive environments. The ultrasonic wave velocities of these
layers vary as a function of their microcracking, porosity, moisture and aging conditions.
Assuming distinct wave velocities for these layers, the method can provide information
on the heights of layers [4]. Deterioration of concrete, however, does not generally
produce layers with sharp wave velocity contrasts. Microcracking, porosity, aging and
moisture conditions (which affect wave velocity) tend to vary gradually as a function of
depth; this compromises the accuracy of calculations based on the assumption of layers
with distinct wave velocities. The indirect transmission method lacks the capability to
identify the specific factors (microcracking, porosity, aging, moisture content) which are
responsible for the wave velocity gradient normal to the surface. The portable NMR
system, on the other hand, can potentially account for the gradual variation of concrete
damage/deterioration conditions, distinguish between different physical manifestations
of concrete aging (microcracking, pore system characteristics, moisture content and
mobility), and quantify these damage/deterioration effects (using its relaxometry
features). The ability of portable NMR to resolve the 3D variation of damage and

deterioration phenomena, and to provide insight into the chemical mechanisms of



concrete deterioration further distinguish it from the indirect transmission method of
ultrasound pulse velocity.

Impact (Sonic-Echo) Method: The sonic-echo method of impact testing, when
accompanied with analysis of the waveforms in frequency domain (using a fast Fourier
transform technique), can yield information on the location of defects (e.g., cracks) within
the concrete depth. This method lacks the resolution to identify finer defects (e.g.,
microcrack) which tend to be prevalent in deteriorating concrete, cannot provide detailed
information on defect (e.g., crack) morphology (shape) or type (crack versus void) [5]. The
portable NMR system, on the other hand, can yield information on the size distribution
of microcrakcs and voids, and further provide information on the chemical mechanisms
of concrete deterioration.

Ground Penetrating (Short Pulse) Radar: This method has been used to detect voids and
cracking in concrete structures. Research is in progress to employ the short pulse radar
method to assess the water content of concrete, its degree of hydration, and the presence
of chlorides [6]. Short pulse radar can detect cracks too. Moreover, short pulse radar can
produce indirect information on the porosity and nature of water (bulk versus adsorbed),
but falls short to yield quantitative information on the size characteristics and spatial
distribution of the pore system as well, and to distinguish between different states of
water with various degrees of constraint.

Infrared Thermography: This method can be used to produce qualitative information on

the presence of large cracks or areas of high porosity near the concrete surface. The



1.3.2

results are subject to relatively large variations depending on weathering conditions (e.g.,
wind speed) [7-9].

X-Ray Computed Tomography: This method, when implemented in laboratory where a
concrete specimen can be x-rayed from every angle around it, is a powerful means of 3D
mapping of void and crack systems at high resolution. Field applications generally allow
for limited angle access to the concrete structure, which challenges the ability of
reconstruction algorithms to produce high-resolution images of concrete cracks and
voids. Other drawback of this method relate to its high cost and limited depth of

penetration, and restricted mobility [10].

Indirectly competing / complementary non-destructive inspection techniques

Surface Hardness Methods: Schmidt rebound hammer, as a surface harness method, is
used to estimate the strength of concrete, and the planar uniformity of concrete strength.
This method does not provide any insight into the structure or the physical and chemical
manifestations of concrete deterioration [11]. The correlation between rebound and
strength in this test method is influenced by the aggregate type, curing condition of
concrete, moisture and carbonation conditions of concrete, and location of the plunger
with respect to the aggregates occurring near surface. These effects limit the reliability of
this method in field applications.

Penetration Resistance Techniques: Windsor probe is a common variation of this method,
which is used to estimate the strength of concrete. The results, however, are highly
sensitive to aggregate type. This method, like Schmidt rebound hammer, does not provide

any insight into the structure or the physical and chemical manifestations of concrete



deterioration. This method suits monitoring of the early-age strength development of
concrete to help decide on removing formwork or opening the concrete system to traffic.
Pull-Out Tests: This semi-destructive test method is used to estimate the strength of
concrete. The results are influenced by the specifics of concrete mix design. Pull-out tests
must be planned in advance. Like penetration resistance, pull-out tests suit monitoring of
early-age strength development over time [12]. This method does not provide any insight
into the structure or the physical and chemical manifestations of concrete deterioration.
Maturity Method: This method correlates development of concrete strength with its
temperature time-history. It needs prior calibration for a particular mix under
consideration. The maturity method neglects the important effects of humidity on
strength development, and oversimplifies the effects of temperature at very early age on
long-term strength development. It does not provide any insight into the structure or the
physical and chemical manifestations of concrete deterioration.

Absorption and Permeability Tests: The non-destructive initial surface absorption test and
the semi-destructive Figg test assess the concrete quality and potential durability based
on its water absorption/air permeability attributes. These methods are sensitive to
moisture conditions of concrete, which cannot be fully tailored in field conditions. They
do not provide any insight into the structure or the physical and chemical manifestations
of concrete deterioration.

Surface Wave Methods: This method can be used to determine the existence of layers

with different elastic properties in concrete, which may be a result of poor compaction or



of exposure to aggressive environments [13]. The method, however, cannot identify the
reason these layers form.

Acoustic Emission: This method, which has a history of use with metals, is being
researched for studying fracture processes in concrete associated with corrosion of
reinforcing steel, alkali-silica reaction and freeze-thaw cycles. Applications of acoustic
emission for non-destructive inspection of concrete are challenged by the fact that
concrete is a dispersive medium, and many of the theoretical and analytical tools available
for metals are not necessarily valid for the acoustic emission signals from concrete. In
addition, quantitative analysis of acoustic emission in concrete is difficult because the
actual exact source mechanisms are not known or fully characterized beforehand, and
the propagating medium is not a homogeneous, isotropic, and elastic field; material
properties can change by an order of magnitude over short distances. While acoustic
emission could offer indications of some deterioration phenomena in concrete, it does
not seem to offer the potential for reliable identification and quantitative assessment of
different mechanisms of concrete deterioration based on their physical and chemical
manifestations [10, 14].

Electrical Resistivity: This method provides information relevant to the susceptibility and
state of steel corrosion in concrete. Electrical resistivity measurements are sensitive to
the moisture condition of concrete, which is difficult to control in field conditions [15].
Electrical resistivity measurements could complement the data generated using the
mobile NMR system; the two methods could be used together to gain further insight into

the mechanisms and state of concrete deterioration.



9. Electrochemical Methods (corrosion potential, polarization resistance, electrochemical
impedance spectroscopy): These methods provide information on the state and rate of
corrosion of steel in concrete. They do not overlap, but complement the information
generated by mobile NMR [16, 17].

10. Electromagnetic (covermeter) Method: This method is commonly used for locating
reinforcing bars and estimating the thickness of concrete cover over steel reinforcement
[18]. This limited data could complement the comprehensive information generated by
mobile NMR.

11. Backscattering Microwave Tomography: This method can be used to estimate the size
and location of steel bars in complex reinforcing concrete structures, produce
tomographicimages of reinforcing bars [19, 20]. This limited information can complement
the data generated by mobile NMR on concrete structure, deterioration mechanisms and

health condition.

1.4 Deterioration Mechanisms of Concrete Infrastructure

During the service life of a concrete structure, concrete material undergoes various physical and
mechanical alterations. The following deterioration mechanisms are considered in this research
to study their effect on concrete using the portable NMR system: (i) alkali-silica reaction, (ii)
freeze-thaw, (iii) carbonation, (iv) sulfate attack and (v) chloride ion diffusion. While the effects
of these mechanisms on concrete is still being studied, there is a growing need to identify and

guantify the extent of damage to the integrity and health of concrete caused by them.



1.5 Research Objectives

Based on above discussion, there is clearly a need for understanding of the field damage and
measuring the extent of damage caused by various deterioration mechanisms of concrete. The
main aim of this research is to develop fundamental understanding on the effects of various
deterioration mechanism on concrete. The knowledge gap described briefly before and more

extensively in the following section will be filled by pursuing following objectives

The focus of this research will be on performance of more comprehensive field and laboratory
investigations towards development, validation and refinement of the NMR system and
operation procedures, and development of data analysis methods and software for identification
and quantification of concrete deterioration conditions. The experimental work of this research
will cover representative concrete materials, deterioration mechanisms, states of deterioration,

and coating conditions. The objectives to be accomplished in this research are listed below.

Objective 1. Carry out detailed state-out-the-art review on the application of NMR relaxometry
on porous materials.

Objective 2. Conduct NMR relaxometry and spectroscopy and parallel analytical chemistry
experiments on aggregates and cementitious materials as well as concrete
materials of different compositions and coating conditions, undergoing various
types and states of deterioration, and devise methods for operation of the NMR
system and analysis of the output data for spatially resolved quantitative

evaluation of the concrete structure and deterioration conditions.
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Objective 3.

Obijective 4.

Obijective 5.

Obijective 6.

Obijective 7.

Obijective 8.

Validate the NMR hardware, operation methods and data analysis software
through nondestructive field and corroborating laboratory evaluations of the
concrete-based transportation infrastructure with representative materials,

deterioration mechanisms and health conditions.

Developing a data analysis software dedicated to receiving the relaxation data to

interpret them with respect to laboratory and field testing data.

Conduct field investigations and corroborating laboratory studies using the NMR
hardware, operation procedures and data analysis software as well as
conventional NMR and broader analytical chemistry methods in applications
covering representative concrete materials, transportation infrastructure

systems, protective coatings, and deterioration conditions.

Verify and further refine the NMR hardware, operation procedures and data
analysis software through evaluation of all NMR and corroborating analytical
chemistry data generated in the research.

Apply the final system towards identification and spatially resolved quantification
of the type and extent of deterioration in bridge structures and pavements with
unknown health conditions, and subsequently validate the outcomes through
performance of corroborative analytical chemistry methods.

Perform a numerical study towards characterization of concrete using the

available NMR models.
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1.6 Anticipated Research Impact

Existing capabilities for non-destructive condition assessment of the deteriorating concrete-
based infrastructure are limited. These non-destructive test methods are limited in terms of: (i)
identification and spatially resolved quantification of concrete deterioration processes and
health condition; (ii) monitoring of the (moisture, chloride) transport in concrete, and assessment
of concrete sorptivity/permeability; (iii) quantitative and spatially resolved evaluation of the
concrete pore system characteristics and microcrack conditions; and (iv) identification of the

concrete raw materials and estimations of mix proportions.

The proposed Ph.D. research aims to produce two main results. First, the proposed experimental-
numerical approach initiates the application of portable NMR in evaluating concrete undergoing
various deterioration mechanisms. Second, since proposed study aims to identify the impact of
various deterioration mechanisms on NMR signals, the outcomes of research can also be useful
for those researchers who are attempting to rectify the drawbacks associated with current

destructive or nondestructive methods of concrete analysis.

1.7 Scope and Outline

The current research is carried out to achieve the above objectives, results of which are

presented in thirteen chapters in this dissertation.

The dissertation consists of the following chapters:

Chapter 1 provides the basic background with deterioration mechanisms of concrete and how
the portable NMR can potentially help with studying these mechanisms in the lab as well as

identifying them in the field. This chapter enumerates the challenges in non-destructive testing

12



(NDT) of concrete infrastructure. The merits of the proposed NDT approach (NMR) are presented
and compared with the majority of the current or former NDT methods. The objectives and scope
of this research towards development and implementation of the NMR test method are also

included in this chapter.

Chapter 2 details the state-of-the-art research on the application of NMR relaxometry on porous
materials. This chapter outlines the previous efforts towards instrumentation and application of
portable NMR. The experimental and analytical/numerical studies of NMR relaxometry applied
to porous materials are documented and reviewed in this chapter. Moreover, the fundamental
physics of NMR is explained briefly to acquaint the reader with the basics of the NMR concept
and terminology. The governing equations and parameters presented in this section will be
frequently used in the latter part of this chapter which is devoted to design of the portable NMR
system. Additionally, the standards and specifications used in this research are listed in this

chapter. The knowledge gap is underlined in this section.

Chapter 3 includes the experimental program devised and followed throughout this research.
Moreover, the NMR main components are described in this chapter: magnets, rf coil,

spectrometer and digital hardware and their functionality.

Chapter 4 explains that how NMR relaxometry could be useful in analysis of concrete. The role
of water in concrete, water content measurements and water distribution in concrete is

explained in this chapter.

Chapter 5 describes the portable NMR machine used in this research. The type of magnets, RF

coil and spectrometer and the device specifications are included in this chapter.

13



Chapters 6 through 10 study the effects of alkali-silica reaction, freeze-thaw, carbonation, sulfate
attack and chloride ion diffusion on concrete using portable NMR. The NMR trends associated
with each deterioration mechanism is investigated. The corroborative tests are performed to
compliment the NMR test results on control and aged concrete specimens. This chapter explains
the relaxation parameters (such as transverse and longitudinal relaxation times), role of ware in
concrete deterioration and measurements of water, porosity and permeability in concrete using

portable NMR.

Chapter 11 describes the portable NMR specification and software preparation and execution.
This chapter includes the results of a numerical study towards estimating the concrete surface

porosity and permeability using the NMR relaxation data.

Chapter 12 summarizes our efforts towards field application of portable NMR.

Finally, chapter 13 summarized the major outcomes of this research and outlines the future

potential research areas.
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2 STATE-OF-THE-ART REVIEW

2.1 General

Non-destructive inspection of the damage and deterioration conditions of concrete is challenged
by the heterogeneous structure and the complex physical and chemical manifestations of
concrete deterioration in service conditions. The portable NMR system provides unique
capabilities for non-destructive condition assessment of concrete, which cannot be matched by
competing (existing or emerging) technologies. These unique capabilities are outlined below,
followed by competitive evaluation of the portable NMR system against each of the competing

technologies.

The portable NMR system can produce quantitative information on: (i) the spatial distribution
and concentration, morphology, and size distribution of concrete cracks and pores at different
length scales; (ii) the concentration and spatial distribution of concrete moisture, distinguishing
between different binding states and mobility conditions of moisture; and (iii) manifestations and
states of chemical deterioration mechanisms. Streamlined data analysis procedures will be
developed for convenient interpretation of the mobile NMR test data towards quantitative
assessment of the concrete structure, and identification of the prevalent cause and the state of
progress of concrete deterioration. Portable NMR offers a relatively high resolution, and
complements these capabilities with a viable cost structure, moderate depth of penetration, and

convenient and versatile operation.

The more advanced (existing or emerging) techniques for non-destructive condition assessment

of concrete, against which the portable NMR system should compete more directly, include: (i)
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ultrasonic pulse velocity (indirect transmission method); (ii) impact (sonic-echo) method; (iii)
ground penetrating (short pulse) radar; (iv) infrared thermography; and [2] x-ray computed
tomography. Advantages of the portable NMR over these systems are outlined below. Other
concrete non-destructive inspection techniques do not provide information that are similar to
those provided by portable NMR, but could still compete with or complement the portable NMR
system. These techniques include: (vi) surface hardness methods; (vii) penetration resistance
techniques; (viii) pull-out tests; [3] maturity method; (x) absorption and permeability tests; (xi)
surface wave methods; (xii) acoustic emission; (xiii) electrical resistivity; (xiv) electrochemical
methods (corrosion potential, polarization resistance, electrochemical impedance spectroscopy);
and (xv) electromagnetic (covermeter) method; and (xvi) backscattering microwave tomography.

The distinctions of portable NMR from these techniques are also outlined below.

2.2 NMR: A Novel Tool to Study Materials

Since its discovery in mid 40’s, NMR has become a valuable tool in various fields of science and
engineering, especially in materials science. The unique feature of NMR is the non-destructive
nature of approach. The most well-known application of NMR is medical magnetic resonance
imaging (MRI), although NMR is also routinely applied in analytical chemistry for elucidating
chemical structures, investigating molecular structures, resolving pore systems, quality control
of food products, inspection of polymers, and many more applications of NMR spectroscopy [21-
28]. In geophysics, the NMR technique is used well logging [29]; surface NMR (SNMR) is an

emerging method of groundwater exploration [30, 31]. Application of NMR in concrete is new,
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and mostly pertains to measurement of moisture content [32, 33], thickness of concrete coating

[34-36], and water transport phenomena during freeze-thaw effects [37].

NMR can be an effective NDT tool if the correct magnet and coil configuration are employed. This
method can non-invasively penetrate into objects, and provide spatial maps of different material
properties. Although NMR provides insight into the material microstructure, it does not require
the occurrence of any chemical reactions, does not use any ionizing radiation, and is thus a
completely nondestructive method. Nondestructive NMR operates based on direct sensitivity to
H,0 molecules (either chemically bound or in bulk state). Hydrogen nuclei in fluids of porous
minerals are excited with radio frequency (rf) pulses. The nuclei can be perceived as bar magnets.
When subjected to a magnetic field, hydrogen nuclei tend to align their magnetic moments
parallel to the field, producing a net nuclear magnetization. In the NMR method the angle of
magnetization with respect to the magnetic field is changed by the rf pulse. Once the pulse has
faded, it regains its original orientation by relaxation. In a saturated porous medium (concrete in
our case) this relaxation time depends on the fluid, the medium and the interaction between the
medium and the magnetic moments. Hence, study of the relaxation time can provide information
on structural parameters as porosity, pore size distribution or permeability of the porous

material.

In the past 2 decades, researchers have tried to implement this technique to gain more insight
into the structure of various materials. These efforts have covered various materials including
soft solids like elastomers, semi-crystalline polymers, paintings, cultural heritage, and concrete.
Furthermore, the possibility of refining single-sided NMR to realize high spatial resolution is

explored in different applications, namely characterization of multilayered structures, detection
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of deterioration and failure mechanisms, and monitoring of the solvent ingress into polymer

materials [38].

Perhaps the greatest weakness of NMR relates to the complexity of designing the experiments
and analyzing the results. One subset of NMR investigations which overcome this drawback
resort to NMR relaxometry. Despite its relative simplicity, NMR relaxometry can provide valuable

insight into many physical and chemical processes and structures.

The main motivation for development and implementation of the new NMR platform for
concrete is to make NMR more accessible to laboratory and field investigations by lowering the
complexity of the procedure and cost while still offering high performance and flexibility. The
platform allows for a wide variety of applications enabled by the use of different magnetic field
strengths, and magnet and coil geometries. For the purpose of field applications, the system
needs to be designed optimally so that it is compact, lightweight and portable to suit convenient
field applications. The platform should be used preferably with its own battery, and compatible
with a large variety of different magnet and coil designs that are customized for relaxometry
applications. The magnetic field generated within the constraints of unilateral NMR relaxometry
tends to be inhomogeneous, requiring the use of special acquisition techniques which ensure

that the required signals are received with high sensitivity.

This chapter presents the basics of NMR and summarized the previous studies on application of

NMR on materials.
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2.3 Basics of NMR

Pulsed NMR measures the magnetization (M ) and relaxation of nuclei (e.g., hydrogen)
contained in pore fluids. The magnetization is proportional to the number of (hydrogen) nuclei
in the sensitive region of the sensor, and can be scaled to yield NMR data which, in the case of
hydrogen, correlate with (saturated) porosity [39, 40]. In principle, the NMR porosity responds
directly to the hydrogen content of the material, and is thus unaffected by the lithology effects

in density and neutron logging [41].

The size distribution of fluid-filled pores is another essential information on porous samples
which can be obtained from low-field NMR engaging hydrogen nuclei [42]. The theoretical

principles for deriving relationships relevant to these measurements are outlined below.
2.3.1 Polarization

In a static magnetic field (B, ), protons tend to align themselves with the field, and the nuclei

spins will start to precess about the direction of the magnetic field. The Larmor Equation [1]

expresses the relationship between the strength of the magnetic field ( B, ) and the precessional

frequency ( f ) of an individual spin:

- "
T

where, 7 is the gyromagnetic ratio, which is a measure of the strength of the nuclear magnetism.
When a large number of spins are precessing about B, , most spins adopt the parallel rather than

the antiparallel state. Hence, the net magnetization M, is in the direction of the B, field. The
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alignment of spins, which is called polarization, gradually increases with a time constant which is

the longitudinal relaxation time T, [43]:

t

M, (e" —1)
O—tT1

M. (1) = [2]

e"
where, t is the time that the spins are exposed to the B, field, M,(t) is the magnitude of
magnetization at time t, when the direction of B, is taken along the z-axis, and M equals the

asymptotic and maximum magnetization in a given magnetic field. T, is also known as the spin-

lattice relaxation time and characterizes the alignment of spins with the external static magnetic

field (Figure 1).
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Figure 1. Net magnetization ( M, ) resulting from the precession of proton spins about an
external magnetic field [44]

2.3.2 Pulse tipping and free induction decay

After the spins are polarized, the next step is to tip the aligned proton spins from the longitudinal

direction to a transverse plane by transmitting an oscillating radio frequency magnetic field ( B,
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), perpendicular to the direction of the static magnetic field ( B, ). The frequency of B, needs to

be equal to the precessing frequency of the spins in order to ensure effective tipping. This
frequency is called Larmor frequency which is the resonance frequency of the magnetic nuclei.

Application of the oscillating magnetic field ( B;) moves the spins to a higher energy level and
makes them precess in phase with each other. This process is called Nuclear Magnetic Resonance.
The angle through which the magnetization has rotated away from the z-axis (see Figure 2) is
known as ‘flip angle’ or ‘tip angle’, and is given by:

0 =yBr [3]
where, 0 is the tip angle (degrees), B, is the amplitude of an oscillating field, and 7 is the time

over which the oscillating field is applied (pulse length of the NMR experiment). The strength and

duration of B, determine the amount of energy available to achieve spin transitions between

parallel and anti-parallel states. Thus, the flip angle is proportional to the strength and the

duration of B, [44].

ILZ

Figure 2. Nuclear magnetization M can be rotated away from the direction of Bo. The angle 0
between the z-axis and the magnetization is called ‘flip angle’ [45].
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In NMR tools, the net magnetization is normally tipped at angles of & =90° and # =180°. When
a 90° pulse is applied, the polarized proton spins start to precess in phase in a transverse plane.

But after the B, field has been turned off, the spins dephase over a time T, which characterizes
the loss of phase coherence due to interactions between the spins. Hence, T, is also known as
spin-spin relaxation time. The amplitude of the spin-echo train at time t, which is the amplitude

of the transverse magnetization M, (t) , is given by:

—t

M, (t) = My e" [4]

where, M, is the magnitude of the transverse magnetization at t=0 (the time at which the

Oxy
90° pulse ceases). During dephasing, the net magnetization decreases. Such a reduction in

magnetization (decay) is usually exponential and is called Free Induction Decay (FID) (Figure 3).
2.3.3 Relaxation mechanisms in porous media

For fluids in a porous media (say, concrete), three different mechanisms acting in parallel are

involved in relaxation [44]:

S 5]

=—+t—+— [6]
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Figure 3. After application of a 90° rf pulse, the proton spins dephase, and a free induction
decay (FID) signal can be detected [44].

where, subscripts A, F,S and D denote apparent, free fluid, surface-induced, and diffusion-

induced mechanisms, respectively. The free fluid relaxation time (about 3 seconds) is a property

of the fluid only, and affects both T, and T, relaxation. In contrast, water in the pore space of
concrete has apparent T, and T, relaxation times typically varying from one to several hundred
milliseconds [46]. Therefore, the contribution from the free fluid in Equations [5] and [6] can be
neglected. The surface-induced relaxation which affects both T, and T, relaxation is due to
interaction between the fluid and the solid surface. In contrast, the diffusion-related relaxation
which affects only the T, relaxation arises from internal magnetic field gradients due to magnetic
susceptibility contrast between grains and pore fluid or from inhomogeneities in the applied Bo

field. The surface and diffusion-induced relaxation rates are given by [47]:

1 s

— —p = 7
TlS plv [ ]
1 s

— —=p = 8
T P2y (8]
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where, p, and p, are the surface relaxivity values corresponding to T, and T,, respectively.

Surface relaxivity is a measure of how quickly proton spins lose orientation or phase coherence
due to magnetic interactions at the fluid-solid interface. It is dominated by paramagnetic ions in
the grain surfaces [48]. Surface relaxation falls in the range of approximately 1 um/s to 50 um/s
for clastics, and is smaller for carbonates [49]. S/V is the surface-to-volume ratio. For spherical
poresS/V =6/d, where d is the pore diameter, G is the gradient of the magnetic field (T/m),

7 the gyromagnetic ratio, t. the inter-echo spacing used in the pulse sequence, and D, the self-

diffusion coefficient of the liquid (m?/s).

Cement paste and concrete in general belong to the ‘fast-diffusion’ relaxation regime [50], in
which the relaxation at the surface is slower than the transport of the hydrogen nuclei to the
surface. Thus, the spins experience a rapid exchange of environments so that the local fields in
each region of a pore are averaged to their mean value. As a consequence, a single exponential
decay is observed for a given pore, and the rate of magnetization decay depends on surface to
volume ratio only [48]. In the ‘slow diffusion’ limit, in contrast, the magnetization decay is multi-
exponential and depends on the pore geometry. For low magnetic field strength (and thus small

G ) and at short t. [51], the contribution to T, decay times provided by the diffusion in the

inhomogeneous local magnetic fields is negligible compared to that by surface relaxation.

Therefore, the measured T, and T, values can be approximated as:

1

—— =5

> [10]
Tia Vv
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[11]

Equations [10] and [11] form the basis of NMR sample analysis: T, and T, are proportional to
V /S, which in turn is proportional to pore size. This means that relaxation is faster in small pores
than in large pores

2.3.4 T, measurements

Both T, and T, are important in characterization of concrete microstructure. It is more practical
to measure T, relaxation because it can be obtained quicker thanT,. Thus, it provides smaller
bed boundary effects and a better vertical resolution. Besides, higher measurements repetition

rates increase the signal-to-noise ratio [41].

The increase in the measured transverse magnetization signal induced by repeated rf pulses is
noted as a phenomenon which is called spin echo. It was first discovered by Hahn in 1950 [52].

The Hahn echo decay is the basic spin echo sequence to measure T, (Figure 4). It consists of a

90° pulse followed by a 180° pulse after the delay time. When hydrogen spins are tipped 90° from
the direction of the magnetic field, they precess and dephase due to the inhomogeneity of the
magnetic field. The spins can be refocussed by transmission of a 180° pulse. As the spins rephase,

they generate a signal in a receiver coil — a spin echo. T, can be measured by performing

successive measurements for different values of 7.
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Figure 4. Hahn echo decay pulse sequence for measurement of T, ; FID is the free induction
decay, r between the two pulses, and t, is the inter-echo spacing used in the pulse-sequence.

Another pulse sequence to measure transverse magnetization is the CPMG sequence [53] which
was used in this study (Figure 5). It consists of one 90° pulse followed by a series of 180° pulses
after the delay time interval between two 180° pulses is the echo time t_ which is equal to 27 .
The time between two sequences is the recovery time t_; it must be sufficiently long so that
magnetization has decayed completely to equilibrium. The advantage of the CPMG pulse
sequence is the much shorter time required to measure at multiple echo times as the 180° pulses
can be applied repeatedly to produce a series of echo trains. With the Hahn sequence, in contrast,

only one echo can be measured. Therefore, much more sequences are needed to get the same

amount of echoes [45].
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Figure 5. CPMG sequence for detection of the signal decay by the NMR core-scanners; FID is
the free induction decay, t. echo time and T, transverse relaxation time [45].

In the fast diffusion limit and for a sample with a distribution of N different pore sizes, the

transient variations of the transverse magnetization M, (t) can be expressed as a sum of
exponentials:

t

M,y =DM, e ™ [12]

The above equation shows that the overall decay is the sum of the individual decays. For a
vanishing magnetic field gradient, i.e. G =0, the spectrum or distribution P(T,) of relaxation
times T, is a direct map of the pore size distribution P(d) with T, ~V/S~d , where the
distribution functions P represent probability densities. Proper fitting routines are used to fit a
sum of decay exponents (each with a different decay constant) to the envelope of the echo trains
from core samples. All of the decay constants make up the decay time spectrum or the relaxation
time distribution [54] (Figure 6). A regularized inverse Laplace transformation based on the UPEN
program [55] will be used in this study to obtain the distribution of transverse relaxation times

T, . Anonlinear least square routine will be used to fit the simulated decay time spectrum to the

original data points. Thus, the model parameters (standard deviation and expected values of the
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lognormal distributions) will be obtained that yield the curve closest to the data points. This
method has the advantage that reliable results can even be obtained when measurements are

performed with a low signal to noise ratio.
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Figure 6. CPMG echo envelope measured on a water-saturated sediment sample (left) and
corresponding frequency distribution of T, obtained by regularized inverse Laplace

transformation with the UPEN program [55].

2.3.5 T1imeasurements

The longitudinal relaxation time T, is the recovery time of the longitudinal component of the
magnetization M, to its equilibrium valueM,. Two common pulse sequences are used to
measure T,: the saturation recovery and the inversion recovery [43]. In the saturation recovery
(Figure 7) M, is initially destroyed by a series of aperiodic 90° pulses, whereas the inversion
recovery sequence starts with a 180° pulse which rotates M, from the positive to the negative
z-axis. Immediately after the stimulus, the spins start to flip back at the rate of T,. Then a Hahn
echo sequence with a short echo time t. is applied after the recovery time z,. By recording the

echo signal intensity as a function of continuously increasing recovery time z, it is possible to

28



follow the longitudinal magnetization. The magnetization recovery curves are described by the

following equations [43]:

o

Saturation recovery: M, (t)=M,(1-e T71) [13]
t
L'
Inversion recovery: M, (t) :M [14]
e"

For a correct determination, the maximum value of z; has to be at least 5 times T,.
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Figure 7. Saturation recovery pulse sequence to measure the longitudinal relaxation time T,
which is the recovery time of the longitudinal component of the magnetization M, to the
equilibrium value M (1-1/e) ; 7, is recovery time and t. echo time [45].

2.4 Experimental Studies

NMR relaxometry has been incorporated in studying various topic ranging from agriculture and
food science, to anthropology and oil industry. Obviously, NMR relaxometry has found its way as

a novel method of testing in the field of civil and materials engineering. Experimental studies
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using portable NMR tools have been focus on the following groups of materials: (i) cement-based
materials, (ii) rocks, (ili) elastomers and (iv) hard polymers. In this review, the notable studies
that applied NMR relaxometry as a means of investigation will be summarized and discussed. It
should be noted that NMR relaxometry can be performed in various range of frequencies.
Depending on the specification of the testing machine. In the following review, we covered the

studies that could be verified or reproduced by the available testing machine.

2.4.1 Cement-based materials

The basic binding element of concrete i.e. cement and cement-paste, which is its mixture with
water has been an interesting topic of investigation for engineers and materials scientists.
Relatively uniform structure of cement-paste, known chemistry of cement and convenient
control of moisture in the materials are among the reasons to attract engineers and scientist to
study the cement-paste from various angles. Boguszynska et al. measured the relaxation time
and relaxation time distributions of hydrating Portland cement at various times in an
inhomogeneous magnetic field and compared to the results obtained using a standard benchtop
laboratory. These results compared favorably. They observed two peaks in their distributions and
described that one peak is centered at 0.01 s and is attributed to water in the larger pores. A
second much smaller peak is observed centered between 0.1 and 1.0 ms. This is attributed to the
water in the fine pores of the hydrated calcium sulphate, analogous to the calcium silicate
hydrate gel pores of Ordinary Portland Cement (OPC). Using the fast exchange relaxation theory
[56] and an estimate of surface relaxivity of T> =10 ps [57], the former corresponds to pore sizes
of "10 nm and the latter to pore sizes of 0.3 Am [58]. Karakosta et al. monitored the dynamics of

cement gel growth over time. They monitored the evolution of the pore structure during the
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progressive hydration and setting of three white cement pastes with different hydration kinetics
as illustrated in Figure 8. Using relaxation times and diffusion measurements it was possible to
distinguish between gel and capillary pores, the growth dynamics of cement gel and the
associated shrinkage of the capillary pore system. Moreover, they tested the sensitivity of the
method on the ratio of capillary to gel pore populations by the addition of 25% limestone. The
addition of limestone produced a significant increase of medium size capillary pores the so-called
filler effects which otherwise was observable only invasively with mercury or nitrogen
porosimetry. In parallel, they found out that the NMR spin echo decay (diffusion) experiments
provided direct information about water mobility into the cement paste. By monitoring the
decrease of the diffusion length /p as a function of hydration time, it was possible to have an
estimate of diffusion tortuosity, and therefore the transition from an open pore fluid to a closed

pore solid material [59].
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Figure 8. T1 contour plots and T; distribution profiles vs hydration time for 3 specimens [59].

In another effort to study the hydration process and porosity, Tziotziou et al. applied NMR
relaxation to lime-pozzolan mixtures and monitored the hydration and porosity evolution during
setting and over 240 days. They also found two distinct peaks in relaxation times, corresponding
to two groups of pores. The distributions of pore populations determined by MIP and nitrogen

adsorption proved to be in a good agreement with those obtained by NMR relaxometry as shown

in Figure 9 [60].

32

125days —/ S~
N 9_0d.y’
5.7days —{\f\/\_
30days
N T
Hydration 12d3ys — -~ D
Time  110h N
N 3.0h
~
6.3h >
——3%h
0.7h
e e S s
001 04 1 10 100 100010000
T1/ms
@ 125days N

LN 9.0days

6 0days
N 3.4days

Hydration 2393ys — ~ - ey
Time :

14 5h N
«—/:: 8.5h
55h /

3.8h

0.8h /\

§ e AT I Y YT

001 01 Hf 10 100 1000 10000
T1/ms

001 01 1 _ 10 100 100010000
T1 /ms



—
Q
N

-dV/dlogR (cm>/g)

7 days sl Lo . /\\

—c—MIP

—NMR

NMR signal (a.u.)

NMR signal (a.u.)

P e e Vo4 2N A G KD
0.1 1 10 100 1000
Pore radius (nm)
(b) —o—MIP
— NMR
g
™
£
&
x
o
9
R
>
T
7 days
01 1 10 100 1000

Pore radius (nm)

Figure 9. Comparison of NMR and MIP distribution profiles at selected hydration times for
two specimens [60].

Van Landeghem et al. investigated the roles of hydration and evaporation of water during the
drying of cement paste. This research is especially interesting because of its close look at capillary
water in cement paste using the portable NMR relaxation techniques. Based on the published

results, The T, of the water in the capillary pores progressively decreased from a few ms to 400
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us. The T,=150 us of the gel water could be detected after 1 h and remained constant over time
[61]. It is noteworthy to mention the research performed by McDonald et al. in characterizing
the surface relaxation and chemical exchange in hydrating cement paste which is a two-
dimensional NMR relaxation NMR study. They reported the first NMR Ti-T, and T,-T;
measurement of hydrating pastes as shown in Figure 10. In said Figure and in each plot a series
of discrete features lie close to the quarter diagonal: T1=4T, (lower solid line). There is also a
single off-diagonal peak indicative of gel-capillary exchange in white cement 1. Their
measurements provided evidence for surface dissolution model of 1H nuclear spin relaxation in
cements. However, it should be noted that that experiment and similar experiments are
performed using high-field NMR which is not the case for the research performed in this

dissertation [62].

34



. White cement 1 White cement 2
10 H : H Fe g H H H Hra

102 |

Day 1

104

107

2 107

Day 3
2

10

10°

10

Day 7

104

T, (s)

Figure 10. T1-T2 two-dimensional relaxation correlation spectra of cement samples measured
over 7days

In another effort, McDonald et al. performed a two-dimensional correlation relaxometry study
of cement paste using a portable NMR magnet. Distinct pore size distributions features were
revealed in their study. However, they used a homogeneous magnet for their measurements
which is different from the magnet used in this research [63]. In a more recent study Gajewicz et
al. discovered they evaluated the gel-pore drying shrinkage in cement paste using NMR

I”

relaxometry. They discovered that in “well” dried material, coarse (20 nm) pores are created at
the expense of collapsing gel pores. When the sample is rewet, these effects are reversed over a

period of days. The degree of the change was linked to the severity of the drying. In a first
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sorption cycle, part of the redistribution is reversible, part is not. In a second cycle the changes
appear to be entirely reversible [64]. An explanation of their data is drawn schematically in Figure
11. The schematic is for a sample in which the gel porosity is completely emptied of water and
then refilled. Top left drawing in Figure 11 shows some C-S-H sheets separated by interlayer
spaces. Gel pores are seen between regions of locally aggregated sheets. Figure 11 makes clear
that if the average gel pore size at the end is increased, then this increase is accompanied by

locally thicker stacks of layers.

Rewet ~12 hrs Rewet and relaxed ~ 1 week

Figure 11. Top left: A schematic of the water in the gel pores of an “as-prepared” paste. op
right: The hydrate after sufficient drying to remove almost all the water from the gel pores
[64].

In an effort to characterize the effect of carbonation in cement paste, P.F. de J et al. used portable
NMR to obtain the CPMG T, decay at different positions along 6 cm long cement paste samples.
The aim was to detect the carbonation front based on changes in the pore structure caused by

accelerated carbonation and to compare the results with the phenolphthalein test. NMR
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measurements on vacuum saturated samples reveal significant changes in the porosity and the

pore size distribution in the carbonated regions of the samples as illustrated in Figure 12.
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Figure 12. T, values at various depths from the surface on the left and specimens treated
with phenolphthalein on the right [65].

The observed changes included an increase of T, rate and decrease in NMR signal intensity in the
carbonated region. The position with the highest rate of T, change was in agreement with the

carbonation front indicated by the phenolphthalein test [65].
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2.4.2 Concrete Materials

Gallegos et al. are among the first researchers who applied NMR techniques to study the pore
structure of concrete materials. Pore size distributions were determined for two series of porous
solids by mercury porosimetry and an NMR method. A series of controlled-pore glasses with very
narrow pore size distributions and a mean radius in the range 3.4 to 17.6 nm were studied. They
found a strong correlation between pore size and relaxation times [66]. Wolter and Dobmann
used NMR relaxometry to characterize the moisture-affected properties of concrete over time.
By conducting a series of nondestructive NMR tests and destructive laboratory tests, they found
a strong correlation between the spin-echo amplitude and moisture content of concrete (See
Figure 13).
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Figure 13. Maximum of the FID-amplitude as a function of moisture content [67]

They concluded that the hydration state and so the concrete’s processability could be
continuously determined via NMR relaxation time measurements and the concrete quality by the
determination of the solid-like FID-signal component. In addition, they suggested that the

determination of capillary and gel pores in young concrete could help to estimate technological
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parameters like 28-days strength, freeze-thaw resistance or water-tightness [67]. Valckenborg et
al. estimated the pore size distribution of mortar specimens during the drying process by the
development of the pore water distributions as a function of time, it could be concluded that the
water in the capillary pores is extracted rapidly, while the gel pores remain filled. The suggested
that pores relaxing at 600 ps and less belong to gel pores and small capillary pores, while the
pores relaxing between 600 pus to 3 ms belong to larger capillary pores as illustrated in Figure 14

[68].
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Figure 14. Pore water distribution of mortar determined from relaxation measurements [68]

Sharma et al. also demonstrated the capabilities of portable NMR in characterizing the size
distribution of building materials. They observed that the shapes and the positions of the
relaxation time distributions are similar to those of the pore size distributions obtained by
mercury intrusion porosimetry unless the samples exhibit very strong ferromagnetic
contaminations. For short echo times the strong effect of internal gradient fields can be
meliorated, so that the pore size distributions in weakly ferromagnetic bricks can be analyzed by

NMR. Schonfelder et al. studied the pore formation and water diffusion in self-hardening cut-ff

39



wall materials using a low-field portable NMR. Changes of the transverse relaxation time T, and
NMR signal intensity in the hardening cut-off wall material were monitored by low-field CPMG
NMR during the first 4 days after sample preparation. One h after sample preparation, when the
mixture is still a low-viscous suspension, it is easy to distinguish between the mixes of different
content of solids by the peak positions in the distribution of T, and the difference in signal
intensity (area under the T distribution). With increasing content of solids and, therefore,
decreasing water content, the NMR signal intensity decreased, and the relaxation time
distribution shifts towards shorter times. This behavior is due to the larger quantity of solid
particles. They concluded that the water molecules interact with the surface of solids where —
depending to the surface relaxivity — they lose their contribution to the total NMR signal with a
certain probability and, thus, reduce the observed T, relaxation time [69]. In a different
application of NMR in concrete, Orlowsky et al. implemented a portable NMR to measure some
geometrical properties such as the thickness of different coating as well as functional properties

such as ingress of water into the coating and ageing processes as shown in Figure 15 [36].
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Figure 15. Application of the portable NMR on buildings. The device senses the composition
of the substrate at the point where the magnetic field lines of the magnet and of the RF coil
cross each other [70].

Blimich et al. applied a portable NMR towards depth profiling of historic walls and wall paintings.
Different paint and mortar layers were identified, and further characterized using X-ray
fluorescence spectroscopy. They established that by analyzing the moisture content in terms of
proton density and mobility, portable NMR provides a method for distinguishing layer structure
and properties. Such a difference can provide the means to distinguish restored and original
portions of detached wall paintings when an otherwise consistent layer structure is observed [34,
71]. As one of the first efforts to employ the portable NMR to study the effect of common
deterioration mechanisms on concrete, Milachowski et al. investigated the water transport
processes during freeze-thaw deicing salt attack. They monitored the water content through the
proton density at various depth during one cull cycle of freeze-thaw and repeated the same

experiment multiple times for air-entrained and non-air-entrained concrete specimens.
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Moreover, they obtained the relaxation time distributions at various intervals of freeze-thaw
cycles. Measurements during freeze-thaw cycles with 3% NaCl solution confirmed transport
processes previously explained by the micro ice lens model. In addition, they observed that
intermediate dry periods led to reduced moisture uptake of the near surface concrete on re-

exposure as shown in Figure 16. This observation was in accordance with the measured scaling

[37].
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Figure 16. a) Water content during freeze-thaw deicing salt exposure in the near surface b)
Gravimetric determined solution uptake. c) Inverse Laplace transformation of the T, nAE d) IL
transformation of the T> decay measured in the outer zone AE

As an effort to investigate the dehydration kinetics inside concrete during fire, Pel et al. relaxation
time and moisture profiles of concrete specimens at elevated temperatures. They provided
guantitative proof for the build-up of a moisture peak due to the vapor pressure build-up. In their

study they reported the measurement of the moisture and temperature profiles with the
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measurement of the pressure at one position, which showed that the pressure build up was
directly related to the moisture profiles [72]. Along the same lines, Stelzner et al. analyzed the
moisture transport in heated dense high-strength concrete using NMR relaxometry. Moisture
transport processes are based on evaporation and condensation mechanisms of liquid and
gaseous water in the pores as well as the chemically bound water within the concrete. The low
permeability of HSC and the formation of a saturated zone within building components (also
known as a moisture clog) leads to high water-vapor pressures, which contributes to explosive
spalling. NMR relaxometry accompanied by X-ray 3D computed tomography results were used
to monitor the 3D changes of moisture content inside the specimen during thermal exposure.
Therefore, the researchers can visualize areas with moisture accumulation as well as dehydrated

areas inside the specimen [73].

2.5 Numerical and Analytical Studies

Various group of porous materials have been subjected to numerical modeling and analytical

studies in the light of NMR relaxometry.

2.5.1 NMR models for permeability predication

The two widely applied permeability transforms, based on NMR measurements, are the Timur-
Coates Equation [15] based on the work of Timur (1969) and the T,,um Equation [16] developed

by Kenyon et al. (1988):

Two permeability transforms can be used for NMR measurements; they use the Timur-Coates
Equation based on the work of Timur (1969), and the T,,.m Equation developed by Kenyon et al.

(1988):
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ke = (2?2 [15]

krim = aT?y @ [16]

In these equations, k is permeability in mD, FFV and BFV are the NMR-derived fractional volumes
of bulk and bound water, T2,uv is the logarithmic mean T, value in ms, and ‘a’ is an empirically
determined constant which depends on the relaxivity; it is determined based on different
measurements such as previously measured values of permeability. Usually, for rocks with large
pores (e.g. sandstones) a = 4 mD/(ms)? [74], whereas in rocks with smaller pores (e.g.
carbonates), smaller factors have been used (e.g., a = 0.1) [75]. Both above equations are
empirical, and permeability prediction by NMR always requires a local calibration to core data in
each case. The Timur-Coates equation is frequently applied to oil reservoirs for interpretation of
the NMR logging data. In contrast, the T,,.m equation fails for hydrocarbon-bearing formations
but works well in zones containing only water [76]. The rationalization for such correlation comes
from the following: The Kozeny- Carman relationship proposes that permeability is inversely
proportional to the square of the surface to volume ratio S/V of the pore space. This suggests
that permeability is proportional to the square of a representative NMR relaxation time (T2,um)

through Kenyon equation. The logarithmic mean of the relaxation time (T2,uv) is defined as:

T .
2§V=1vilog<—1£§>]

TZ,LM =10 Zév=1vi [17]
where, Vi is the volume fraction of a pore i decaying with the relaxation time Ti.

Both models are not universally applicable considering realistic variations in structure, texture,

and composition [77]. The cutoff method is also subject to the same concerns with changes in
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surface relaxivity and in pore throat/pore-body ratio as is permeability estimation from T2,.m [78].
Both permeability models generate an appreciable amount of data scatter relative to the
independently determined permeabilities for sandstone. However, the applicability of these

methods on concrete is a matter of investigation.
2.5.2 Permeability and size distribution

According to the Kozeny-Carman equation (Kozeny, 1927; Carman, 1956), permeability is related

to porosity @, tortuosity T and the effective hydraulic pore radius re:

k=@, [18]
The term (®/T) can be replaced by the inverse formation factor F -1, and by ®™/A, according to
the first Archie equation (Archie, 1942) with the cementation or tortuosity factor m. Both m and
A are the coefficients that are selected based on the texture of the porous media. The effective
pore radius can be substituted by Spor, the specific surface normalized by the pore volume. For

cylindrical hydraulically connected pores resf is related to Spor by:

2

Torr = 19
eff Spor,hydr [ ]

In equation above, the effective pore radius is calculated as twice the ratio of the model
capillary’s volume and its surface. This equation assumes that the pores are bundles of smooth,

cylindrical but tortuous capillaries of radius res (Figure 17) [79].
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Figure 17. Simple model for porous media with smooth capillaries of radius res [79].

In contrast, the simplest model for NMR relaxation which relates relaxation times T1 and T» to

Spor, Was developed for isolated spherical pores yielding:
1
?,z = P1,2 Spor,NMR (20]

where p1,2is the surface relaxivity given in um/s and

3

reff = [21]

Spor,NMR

Like Equation [19], Equation [21] follows for a model porous medium made up of smooth

spherical pores (Figure 18).

Figure 18. Simple model for porous media with smooth spheres of radius rpor.
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Based on a fractal model for porous rocks (Figure 19), several geometrical relations were
established in which specific surface, pore radius, tortuosity, and porosity are connected through
the fractal dimension D. This is the fundamental geometric parameter for the description of the
pore-space structure. A standard value for sandstones is D = 2.36. The principal idea of the fractal
conceptis the dependence of the measure of geometrical parameters such as the area of a rough
surface on the power of resolution of the measuring method. As a result, spor,seT measured by
nitrogen adsorption is larger than Spor,hyar because the size of nitrogen atoms is smaller than the

size of water molecules. According to Pape et al. (1987), this is described by
Spor,hydr = O-14‘1OSpor,BETTe_]‘"(}"B6 [22]

Then Equations [19] and [22] yield:

2 2
reff - (0.14151701«,351' oot [23]

From Equations [23] and [18] follows:

O o—
= 497 () Sporsir [24]

kSpor,BET

grain

Figure 19. Image showing a porous media (rock) according to the fractal pore space model
composed of geometrical pores and hydraulic capillaries with effective radius res[79].
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2.5.3 Molecular dynamics modeling

A popular simulation method in materials at a molecular level is molecular dynamics modeling
(MD). Researchers have used MD in the field of relaxation of protons in porous materials. Korb
et al. in their computational simulations used classical MD algorithms to calculate the structure,
dynamics, and energetics of water molecules on the surface of tobermorite, which has long been
considered a model for the C-S-H structure based on X-ray diffraction and spectroscopic data.
The tobermorite model used was the 9A° phase described by Merlino et al.[80] The interatomic
potentials were those of the CLAYFF force field [81], which includes the SPC model for the water
molecules. This model is known to reproduce the bulk crystal structure of tobermorite and other
cement-related phases quite well. The MD simulation snapshot of the tobermorite is illustrated
in Figure 20. In this Figure Dark small balls and octahedra — Ca atoms in two different structural
positions within the “tobermorite 9A” structure; one clearly sees the Si tetrahedra and O atoms
of tobermorite; “v” — O of water; gray cylinders — H atoms of water; large balls — Cl- ions; light
intermediate-size balls — K+ ions. Only parts of the solution layers close to the interfaces are

shown above and below the crystal.
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Figure 20. MD simulation snapshot of the tobermorite, CasSis015(OH)>, interface with
0.25MKCl aqueous solution [82].

The self-diffusion coefficients obtained by NMR relaxation and those obtained by MD
computations were compared. The authors suggested that the high level of agreements between

the experimental and MD-computed surface diffusion coefficients was more than coincidental.

Faux and McDonald [83] proposed a model for molecular-scale dynamics of fluids confined to
nano-pores to NMR relaxation rates. The model was fit to experimental NMR dispersions for
water and oil in an oil shale assuming that each fluid is characterized by three-time constants and
Levy statistics. Results yield meaningful and consistent intra-pore dynamical time constants,
resonance (NMR). However, for the NMR methods to be useful, a model is required to link fluid
molecular dynamics in pores to NMR relaxation rates. Korb's model [84], which is illustrated in

Figure 21 re-produces the fundamental form of the T1 dispersion curve at low frequency in most
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systems and predicts the Ti/T, ratio. The model supposes that the dominant relaxation
mechanism involves repeated encounters of the diffusing surface layer molecules with static
surface relaxation sites, most typically paramagnetic impurities.

= = laver (£)

N =\ \ ™ bulk (b)

., 1
— Ty layer ()
I -

\

Figure 21. At top, a model quasi-two-dimensional pore shows fluid (gray) confined by walls
(black) [83].

In the above figure, Surface diffusion, desorption and bulk diffusion events are characterized by

time constants 1;, T4 and T, respectively. Rare paramagnetic impurities are indicated by white
crosses modelled by a layer of uniform density (white dashed line). The circle indicates diffusion
mechanism consistent with 7; ® 74. At bottom, spin pair vectors used in the theory are shown
for a mobile spin (black circle). A volume of fluid (gray = surface or bulk fluid) has thickness h

located distance d from the paramagnetic layer.

2.6 Standard and Specifications

The following standards and specifications were used directly or indirectly in this research:

50



ASTM C1803 - Standard Guide for Abrasion Resistance of Mortar Surfaces Using a Rotary Platform

Abraser.

ASTM C29 - Standard Test Method for Bulk Density (“Unit Weight”) and Voids in Aggregate

ASTM C33 -  Standard Specification for Concrete Aggregates

ASTM C70- Standard Test Method for Surface Moisture in Fine Aggregate

ASTM (88 - Standard Test Method for Soundness of Aggregates by Use of Sodium Sulfate or

Magnesium Sulfate

ASTM C117 - Standard Test Method for Materials Finer than 75-um (No. 200) Sieve in Mineral

Aggregates by Washing

ASTM C127 - Standard Test Method for Relative Density (Specific Gravity) and Absorption of

Coarse Aggregate

ASTM C128 - Standard Test Method for Relative Density (Specific Gravity) and Absorption of

Fine Aggregate

ASTM C136 - Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates

ASTM C535 - Standard Test Method for Resistance to Degradation of Large-Size Coarse Aggregate

by Abrasion and Impact in the Los Angeles Machine

ASTM C566 - Standard Test Method for Total Evaporable Moisture Content of Aggregate by

Drying

ASTM C185 - Standard Test Method for Air Content of Hydraulic Cement Mortar

ASTM C702 - Standard Practice for Reducing Samples of Aggregate to Testing Size

51



ASTM C233 - Standard Test Method for Air-Entraining Admixtures for Concrete

ASTM C260 - Standard Specification for Air-Entraining Admixtures for Concrete

ASTM C1365 - Standard Test Method for Determination of the Proportion of Phases in Portland

Cement and Portland-Cement Clinker Using X-Ray Powder Diffraction Analysis

ASTM C642 - Standard Test Method for Density, Absorption, and Voids in Hardened Concrete

ASTM C1585 - Standard Test Method for Measurement of Rate of Absorption of Water by

Hydraulic-Cement Concretes

ASTM C1792 - Standard Test Method for Measurement of Mass Loss versus Time for One-

Dimensional Drying of Saturated Concretes

ASTM C227 - Standard Test Method for Potential Alkali Reactivity of Cement-Aggregate

Combinations (Mortar-Bar Method)

ASTM C1017 - Standard Specification for Chemical Admixtures for Use in Producing Flowing

Concrete

ASTM C1260 - Standard Test Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar

Method)

ASTM C490 - Standard Practice for Use of Apparatus for the Determination of Length Change of

Hardened Cement Paste, Mortar, and Concrete

ASTM C1293 - Standard Test Method for Determination of Length Change of Concrete Due to

Alkali-Silica Reaction
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ASTM 1567 - Standard Test Method for Determining the Potential Alkali-Silica Reactivity of

Combinations of Cementitious Materials and Aggregate (Accelerated Mortar-Bar Method)

ASTM C511- Standard Specification for Mixing Rooms, Moist Cabinets, Moist Rooms, and

Water Storage Tanks Used in the Testing of Hydraulic Cements and Concretes

ASTM C670 - Standard Practice for Preparing Precision and Bias Statements for Test Methods for

Construction Materials

ASTM C802 - Standard Practice for Conducting an Interlaboratory Test Program to Determine the

Precision of Test Methods for Construction Materials

ASTM C330 - Standard Specification for Lightweight Aggregates for Structural Concrete

ASTM C215 - Standard Test Method for Fundamental Transverse, Longitudinal, and Torsional

Resonant Frequencies of Concrete Specimens

ASTM C597 - Standard Test Method for Pulse Velocity Through Concrete

ASTM C856 - Standard Practice for Petrographic Examination of Hardened Concrete

ASTM C1723 - Standard Guide for Examination of Hardened Concrete Using Scanning Electron

Microscopy

ASTM C666 - Standard Test Method for Resistance of Concrete to Rapid Freezing and Thawing

ASTM C39 - Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens

ASTM C78 - Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with

Third-Point Loading)

53



2.7 Knowledge Gap

Based on the introduction and the review above, there is a need to devise new nondestructive
testing methods of concrete to maintain a functional and high-quality infrastructure while
minimizing cost of operation and interpretation of these NDT methods. These demands call for a
portable, accurate and NDT machine that can perform under various weather and climatic
condition, obtain quick measurements and provide meaningful measurements to identify the
cause and the extent of the damage in concrete. There is a lack of understanding of deterioration
mechanisms of concrete through available NDT techniques. In this research unilateral (or one-
sided) NMR relaxometery is proposed as a competitor to these methods. However, there is a lack
of experimental work and data on concrete relaxation and diffusion parameters. Hence, further

research is needed in following key areas:

- Different portable and semi-portable NMR devices have been produced over the past few
decades. They offer different capabilities in terms of depth of penetration, the level of
magnetic field homogeneity etc. depending on the shape and strength of magnets, open
or closed magnets, the configuration of the RD coil and architecture of the spectrometer.
One critical difference is the type of the object that can be tested. Some of the NMR
machines are single-sided There is a need to find a portable NMR machine that fits the
requirements of concrete testing.

- The models to be used in NMR relaxometry contain multiple constants and coefficients.
Most of these models have been calibrated for mediums such as rock or cement-paste

and not concrete specially mixed with various aggregates. Therefore, to yield accurate
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and reliable results, these models must be calibrated with respect to concrete made of
commonly used aggregates.

Other than one or two studies, the effect of deterioration mechanisms of concrete on
NMR relaxation signals have not been studied. In order to investigate this issue, an
experimental study needs to be performed by directly exposing the concrete specimens
to laboratory-controlled deterioration environments (i.e. alkali-silica reaction, freeze-
thaw, carbonation, sulfate and chloride ion attack).

Based on the above paragraph, there is a lack of information on the NMR data of concrete
at various stages of deterioration. The experimental study mentioned above, will yield a
database with NMR signatures of concrete at various stages of deterioration. The NMR
signatures must be compared and evaluated with respect to the available NDT methods
such as elastic modulus test or UPV.

In previous numerical studies, the basis for measurements of porosity and permeability
via NMR in porous media has been proposed. There is NMR data available for rocks too.
However, there is a lack of data on cement and concrete obtained by NMR. Therefore,
the future numerical models should test the available models for cement-based materials
and verify the viability of these methods.

There are virtually no data on concrete tested in the field via portable NMR. The effects
of climate must be factored in the analysis by calibration and verification.

The above stated knowledge gaps are to be overcome to enhance our understanding of
various deterioration mechanisms on concrete in the laboratory and field and provide us

with a new NDT technique that provides information on concrete at various depths
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locations of concrete undergoing a deterioration mechanism. This dissertation is designed

to undertake required studies for overcoming the above knowledge gaps.
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3 MATERIALS AND SPECIMEN PREPARATION

3.1 Concrete

Concrete materials within the ranges of strength and mix proportions commonly used in the
concrete construction will be prepared using representative cementitious binder compositions,
chemical admixtures and aggregate types. The binder compositions to be considered will include
Type | Portland cement, Class F and Class C coal fly ash, ground granulated blast furnace slag, and
silica fume. The chemical admixtures to be used in this task include water-reducer, high-range
water-reducer, and air-entraining agent. The aggregate types evaluated in previous section will
be used for preparation of concrete materials. Other variables to be considered include

treatments applied to concrete (silane, siloxane, lithium compounds, etc.).

The chemical compositions of all raw materials, and the mineralogy of cementitious binders will
be acquired. A data base will be developed on the NMR spectra of anhydrous cement [2, 85],
ground granulated blast furnace slag, fly ash [85], and silica fume [86]. This data base, together
with that developed for aggregates in previous task, will help analyze NMR signals of concrete by
distinguishing between the signals corresponding to aggregates, anhydrous cementitious

materials, and products of cement hydration and deterioration processes.

Concrete specimens will be subjected to curing conditions which represent those practiced in
construction of the transportation infrastructure. Control specimens will be stored in unaged
condition at room temperature and 50% relative humidity. Other specimens will be subjected to

the following accelerated aging and damaging effects:

1. Alkali-silica reaction (ASR)
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2. Sulfate attack
3. Chloride ion diffusion and corrosion of reinforcing steel
4. Freeze-thaw cycling
5. Carbonation
6. Application of increasing levels of compressive stress to induce microcracking
Concrete materials will be evaluated, as described in the next chapter, in different deterioration

and damage conditions.

The experimental work involves consideration of a relatively large number of variables; an

experimental design is devised to enable practically relevant consideration of these variables.

The experimental variables to be considered in the research include:

Cementitious Binder Composition: Cement Type (I & Il), and Pozzolan Type (Class F & C

fly ash, Slag, Silica Fume)

e Coarse Aggregate Type: Limestone, Dolomite, Gravel, Sandstone, Granite, Basalt, Chert,
Flint, Slag (natural sand will be used as fine aggregate)

e Chemical Admixtures: Water-Reducer, High-Range Water-Reducer, Air-Entraining Agent

e Concrete Mix Design: Normal-Strength, High-Strength

e Curing Condition: Moist Curing, Steam Curing

e Surface Treatment: None, Silane, Siloxane, Lithium Compounds

e Accelerated Aging: ASR, Sulfate, Chloride, Carbonation, Freeze-Thaw, Mechanical

Loading
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As noted earlier, judgment has been used to develop an experimental program which meets the
time and cost constraints of this research. Two basic mix designs will be considered in this
research: (i) normal-strength (air-entrained) concrete with Type | Portland cement; and (ii) high-
strength concrete with Type | cement and Class F fly ash incorporating high-range water-reduce.

The test methods noted in this table will be performed in subsequent work.

The mix designs presented in Table 1a allow for investigating the aggregate type effects on NMR
data. Mix #1 is the basic mix which will be thoroughly characterized; two batches of this mix will
be prepared and tested. Mixtures #2 through 9 will be subjected only to NMR and other analytical
chemistry tests (and also to compression tests for a basic quality control). The specimens to be
prepared for characterization of Mix #1 (Test Type A) are: 3 for NMR and other analytical
chemistry tests, 3 for x-ray computed tomography and petrographic image analysis, 3 for
compression, 3 for split tension, 3 for capillary sorption, 3 for length change, 3 for dynamic
modulus, ultrasonic pulse velocity, and void content, specific gravity and absorption capacity. A
total of 21 specimens will be required for performance of Type A tests. Characterization of
Mixtures # 2 through 7 (Test Type B) will require 3 specimens for NMR and other analytical
chemistry tests, and 3 for split tension tests. Type B tests require a total of 6 specimens. Mixtures
#8 and 9 will be characterized using (Test Type C) 3 specimens for portable NMR, laboratory NMR
and other analytical chemistry tests, 3 specimens for x-ray computed tomography, ultrasound
pulse velocity and dynamic modulus tests, and 3 for split tension tests. Type C tests require a

total of 9 specimens.

The mix designs presented in Table 1b emphasize investigation of the effects of cementitious

binder composition on NMR and other analytical chemistry test data. The effects of mix designs,
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chemical admixtures, surface treatments and curing conditions will be assessed using the mix
designs introduced in Table 1c. These mixtures will be characterized using test types B or C
introduced above. The test program summarized in Table 1d focuses on calibration of NMR test
data in the presence of steel reinforcement at different depths. These specimens will be
characterized (Test Type D) using portable NMR (9 specimens) and split tension tests (3

specimens). Type D tests require preparation of a total of 12 specimens.

Table 1. Mix designs to be evaluated without accelerated aging, and the corresponding test
methods.

(a) Different aggregate types (total of 96 specimens)

Mix # Mix Design Cementitious Coarse Chemical Cure/Surface Test Types(l)
Binder Aggregate Type Admixtures Treat
1 Normal-Strength Type | Cement Limestone Air-Entr. Agent Moist/None A
2 Normal-Strength Type | Cement Dolomite Air-Entr. Agent Moist/None B
3 Normal-Strength Type | Cement Gravel Air-Entr. Agent Moist/None B
4 Normal-Strength Type | Cement Sandstone Air-Entr. Agent Moist/None B
5 Normal-Strength Type | Cement Granite Air-Entr. Agent Moist/None B
6 Normal-Strength Type | Cement Basalt Air-Entr. Agent Moist/None B
7 Normal-Strength Type | Cement Slag Air-Entr. Agent Moist/None B
8 Normal-Strength Type | Cement Chert (Reactive) Air-Entr. Agent Moist/None C
9 Normal-Strength Type | Cement Flint (Reactive) Air-Entr. Agent Moist/None C

Portable NMR at Different Moisture Contents, Laboratory NMR, SEM/EDX, XRD, FTIR, X-Ray Computed Tomography, Petrographic Image
Analysis, Compression, Split Tension, Capillary Sorption, Length Change, Dynamic Modulus, Ultrasonic Pulse Velocity, Void Content,
Specific Gravity and Absorption Capacity

B: Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, Split Tension

C. Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, X-Ray Computed Tomography, Ultrasound Pulse Velocity, Dynamic Modulus, Split

Tension
(b) Different cementitious binder compositions (total of 27 specimens)
e R Gl
1 S’:lt(:;;ngatlr; Type | Cement Limestone Air-Entr. Agent Moist/None A (Table 1a)
10 glt:::gilr; Type Il Cement Limestone Air-Entr. Agent Moist/None B
1 glt?;:;; (Il\e/]’:se L (F:Ii/mAf;\ Limestone Air-Entr. Agent Moist/None C
2 Ghmen  Chescrpasn  lmestone  ATEntrAgent  Moist/None 5
13 glt:;;ngatlr; TypeSII;Igem & Limestone Air-Entr. Agent Moist/None B

(1) B: Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, Split Tension

C. Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, X-Ray Computed Tomography, Ultrasound Pulse Velocity, Dynamic Modulus, Split
Tension
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Tablel. (cont’d)

(c) Different mix designs, chemical admixtures, curing conditions, and surface treatments
(total of 66 specimens)

Mix # Mix Design Cementitious Coarse Chemical Surface Test Types)
g Binder Aggregate Type Admixtures Treatment estlypes
Normal- . . .
1 Strength Type | Cement Limestone Air-Entr. Agent Moist/None A (Table 1a)
N I-
14 orma Type | Cement Limestone None Moist/None C
Strength
Air Entr Agent
Normal- . .
15 Type | Cement Limestone & Water- Moist/None B
Strength
Reducer
Type | Cement
AEA & HR
16 High-Strength & Class F Fly Limestone Moist/None C
Water-Reducer
Ash
. Type | Cem & . AEA & HR .
17 High-Strength Silica Fume Limestone Water-Reducer Moist/None B
. Type | Cem & . AEA & HR .
18 High-Strength Silica Fume Limestone Water-Reducer Moist/None B
. Type | Cem & . AEA & HR
19 High-Strength Silica Fume Limestone Water-Reducer Steam/None ¢
20 Normal- Type | Cement  Chert (Reactive)  Air-Entr. Agent Moist/Silane B
Strength P g
21 Normal- Type | Cement Chert (Reactive)  Air-Entr. Agent Moist/Siloxane C
Strength P -h8
22 Normal- Type | Cement  Chert (Reactive)  Air-Entr. Agent Moist/Lithium B
Strength P g

(1) B: portable & Laboratory NMR, SEM/EDX, XRD, FTIR, Split Tension

C. Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, X-Ray Computed Tomography, Ultrasound Pulse Velocity, Dynamic Modulus, Split

Tension

(d) Different reinforcement conditions (moist cure, no surface treatment) (total of 36

specimens)
Cementitious Coarse Chemical
Mix # Mix Desi Reinf @

X x Design Binder Aggregate Type Admixtures einforcement Test Types
Normal- . .

1 Type | Cement Limestone Air-Entr. Agent None A (Table 1a)
Strength

10 Normal- Type | Cement Limestone Air-Entr. Agent Med. Cover D
Strength

11 Normal- Type | Cement Limestone Air-Entr. Agent Small Cover D
Strength

12 glt(r);::tlf; Type | Cement Limestone Air-Entr. Agent Large Cover D

() p; Portable NMR, Split Tension

The mixtures introduced in Table 2 will be subjected to different accelerated aging conditions
and mechanical damaging effects noted in the table. Two batches of Mix #1 will be prepared and
subjected to accelerated aging/mechanical damage. Portable NMR, laboratory NMR and other

analytical chemistry and nondestructive tests will be performed after different periods of
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accelerated aging or mechanical damage. Destructive tests will be performed at the conclusion
of accelerated aging or mechanical damage. The test types noted in Table 2 are performed
besides the measurements made (in 3 replicates) during accelerated aging. The combinations of
material selections, mix proportions and aging/damaging effects represent those encountered

more commonly in the transportation infrastructure.

Table 2. Mix designs, accelerated aging conditions, and test methods (total of 303 specimens).

iti i Accel AgelV
Mix # Mix Design Cemfentltlous Coarse Che.mlcal Cure/Surface ccel Age
Binder Aggregate Type Admixtures Treat JTest Typel?
1 Normal-Strength Type | Cement Limestone Air-Entr. Agent Moist/None I/A
Normal-Strength Type | Cement Chert (Reactive) Air-Entr. Agent Moist/None II/C
9 Normal-Strength Type | Cement Flint (Reactive) Air-Entr. Agent Moist/None I/C
Type | Cem & . . .
11 Normal-Strength Class F Fly Ash Limestone Air-Entr. Agent Moist/None 1/C
14 Normal-Strength Type | Cement Limestone None Moist/None 111/C
. Type | Cement & . AEA & HR .
16 High-Strength Class F Fly Ash Limestone Water-Reducer Moist/None Iv/C
. Type | Cem & . AEA & HR
19 High-Strength Silica Fume Limestone Water-Reducer Steam/None IvV/C
21 Normal-Strength Type | Cement Chert (Reactive) Air-Entr. Agent Moist/Siloxane II/C

@, ASR, Sulfate Attack, Chloride Diffusion/Corrosion, Freeze-Thaw, Carbonation, Mechanical Damage
II: ASR
Ill. Freeze-Thaw

IV. Chloride Diffusion/Corrosion, Carbonation, Mechanical Damage

(2) A: Portable NMR at Different Moisture Contents, Laboratory NMR, SEM/EDX, XRD, FTIR, X-Ray Computed Tomography, Petrographic Image
Analysis, Compression, Split Tension, Capillary Sorption, Length Change, Dynamic Modulus, Ultrasonic Pulse Velocity, Void Content,
Specific Gravity and Absorption Capacity

B: Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, Split Tension
C. Portable & Laboratory NMR, SEM/EDX, XRD, FTIR, X-Ray Computed Tomography, Ultrasound Pulse Velocity, Dynamic Modulus, Split

Tension
For mixing concrete, aggregates are thoroughly washed and dried overnight in the oven at 110°C
(230°F). Second, cement, aggregates and water are weighted to produce the mix design obtained

from Michigan Department of Transportation (MDOT). The mix design used for normal-strength

and high-strength concrete used in this research are included in Table 3.
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Table 3. Mix proportion for normal- and high-strength concrete

Ingredients Normal strength High strength High strength
(Ib/cyd) (containing ash) (containing silica fume)

Cement 564 568 731
Water 277 273 273
Coarse aggregates 1847 1787 1787
Fine aggregates 1243 1192 1192

Fly ash - 245 --
Silica fume/slag - -—- 81
Superplasticizer - 8.1 8.1

Air entrainment agent 205 ml 205 ml 265 ml
Water to binder ratio 0.49 0.34 0.34

Most specimens are in the form of in 3in by 6in cylinders cast into a plastic mold (Figure 22a).
However, for mixes in Table 1d, a different mold was used to account for rebar embedment as

shown in Figure 22b. Also, several cubic and cuboid specimens are being prepared (Figure 22c).

(a) (b) (c)

Figure 22. Molds used for casting of specimens.

3.2 Aggregates

Aggregates are relatively inert granular materials such as sand, gravel, or crushed stone that,

along with water and Portland cement, are essential ingredients in concrete.
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In order to produce a long-lasting concrete mix, aggregates need to be clean, hard and free of
absorbed chemicals or coatings of clay and other fine materials that could damage concrete itself
or indirectly cause the deterioration of concrete. Aggregates, which account for 60 to 75 percent
of the total volume of concrete (and 80 percent of the total weight of it), are divided into two
distinct categories - fine and coarse. Fine aggregates generally consist of natural sand or crushed
stone with most particles passing through a 3/8-inch sieve. Coarse aggregates are any particles

greater than 0.19 inch, but generally range between 3/8 and 1.5 inch in diameter.

Natural gravel and sand are usually dug or dredged from a pit, river, lake, or seabed. Crushed
aggregate is produced by crushing quarry rock, boulders, cobbles, or large-size gravel. Recycled
concrete is a possible source of aggregate, and has been satisfactorily used in granular subbases,
soil-cement, and occasionally in new concrete. Slag aggregates are obtained by crushing of

smelter slag or by special treatment of the fire-liquid slag melt (molten slag aggregates).

In this study, a wide range of aggregates with various mineralogies and sources of formation are
acquired and tested, and will be used for production of concrete specimens to be evaluated in
this research. Representative samples of the following aggregates/rocks are evaluated in this
study: (i) sedimentary siliceous rocks, including gravel, sand and sandstone as well as chert and
flint (covering those susceptible to ASR); (ii) sedimentary carbonate rocks, including limestone
and dolomite; (iii) igneous rocks, including (intrusive) granite and (shallow intrusive) basalt; and
(iv) by-products aggregates (slag). The aggregates required for use in this research were obtained

from the following quarries:

1. Fister Quarries Group, Inc. located in Batavia, IL (chert, flint, basalt, dolomite)

2. Builder’s Redi-Mix located in Lansing, Ml (natural sand, limestone, gravel)
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3. Alamo Concrete located in Eagle Pass, TX (sandstone)

4. Kafka Granite located in Mosinee, WI (granite)
Aggregates strongly influence concrete's early-age and long-term properties, mixture
proportions, economy, and more importantly the lifespan of the concrete infrastructure.
Consequently, selection of aggregates is an important step in design and production of concrete.
Therefore, a wide range of aggregates was selected in this research from various quarries. They
were thoroughly washed and dried, and tested in order to assess their physical and chemical
properties. Although some variation in aggregate properties is expected, characteristics that are

considered here include:

e Particle shape and surface texture

e Grading (sieve analysis)

e Specific gravity and absorption capacity

e Water sorption rate

e Bulk density and voids in aggregates

e Los Angeles abrasion

e Ultrasonic pulse velocity
Along with the physical and other tests noted above, representative samples of aggregates were
obtained, and ground to very fine particle size for chemical and mineralogical analyses, as

follows:

e ZAland 2°Si NMR

e X-Ray Diffraction (XRD) spectroscopy
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e X-Ray Fluorescence (XRF) spectroscopy
Furthermore, representative samples were obtained to test for Scanning Electron Microscopy
(SEM) and Energy Dispersive Spectroscopy (EDS). It should be noted that, after fabrication of the

portable NMR device, other properties of aggregates will also be investigated.

In the next step, aggregates are subjected to the following tests: (a) alkali-silica reaction, and (b)
soundness. Aggregates which show significant response to the aging conditions will be subjected

to further analysis.

3.2.1 Particle shape and surface texture

The shape and texture of aggregates affect the properties of fresh and hardened concrete.
Concrete is more workable when rounded and smooth spherical aggregates are used instead of
elongated or rough, angular aggregates with sharp edges. Most natural sands and gravels from
riverbeds or seashores are smooth and rounded, and are usually strong, making them excellent
aggregates for concrete production. Aggregates retrieved form crushed stone produces much
more angular and elongated aggregates, which have a higher surface-to-volume ratio hence
better bond characteristic, but require more cement paste to produce a workable mixture. The
surface texture of aggregates can be either smooth or rough. A smooth surface can improve
workability, yet a rougher surface generates a stronger bond between the paste and the
aggregate, yielding concrete materials of higher strength. Figure 23 presents the aggregates used
in this research, accompanied with a brief description of the shape, surface texture, angularity

and other visual properties.
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Aggregate
type

Image

Description

Basalt

Basalt is a dark-colored, fine-grained, igneous rock composed
mainly of plagioclase and pyroxene minerals. It most commonly
forms as an extrusive rock, such as a lava flow, but can also form in
small intrusive bodies, such as an igneous dike or a thinssill. It has a
composition similar to gabbro. Basalt has sharp edges and relatively
rough surface. Impurities and decolorized spots in dark orange and
light brown can be seen with naked eyes.

Chert

Chert is a fine-grained, cryptocrystalline or microfibrous
sedimentary rock that may contain small fossils. It varies greatly in
color (from white to black), but most often manifests as gray,
brown, grayish brown and light green to rusty red; its color is an
expression of trace elements present in the rock, and both red and
green are most often related to traces of iron (in its oxidized and
reduced forms respectively). The obtained chert has a shiny black
color and very smooth surface.

Dolomite

Dolomite is an anhydrous carbonate mineral composed of calcium
magnesium carbonate. High content of carbonates makes dolomite
very light in color (usually grey and with relatively large white
spots). The surface is rough but small particles can be detached
from the grain by applying normal force. Small shiny spots can be
seen with medium spacing on the surface.

Flint

Where chert occurs on chalk or marl it is usually called flint. It looks
like gravel, round with very smooth edges. Grains are colorful
(usually orange to dark brown). The surface is neither rough nor
very smooth.

Granite

Granite is a common type of felsic intrusive igneous rock which is
granular and phaneritic in texture. Due to the crushing of the
original rock, grains have very sharp edges and flat surfaces. It
comes with a variety of colors from yellow to dark green, light
orange to black. Granite is relatively heavy when compared with
other aggregates, and has a rough surface.

Gravel

Gravel (bank gravel specifically) is composed of unconsolidated
rock fragments that have a general particle size range and include
size classes from granule- to boulder-sized fragments. Smaller
grains are spherical. Larger particles have flat surfaces sometimes.
The grains color ranges from white to black, yellow to brown. The
surface is very smooth.

Figure 23. Visual appearance and description of aggregates
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Figure 23. (Cont’d)

Limestone is a sedimentary rock composed largely of the minerals
calcite and aragonite, which are different crystal forms of calcium
carbonate. Like most other sedimentary rocks, most limestone is
composed of grains. Aggregate particles due to the crushing process
have sharp edges and flat surfaces. The color is consistent
throughout the particles and usually grey.

Limestone

Sandstone is a clastic sedimentary rock composed mainly of sand-
sized minerals or rock grains. Particles are mostly spherical although
elongated particles can be seen. The color of particles is very diverse
with a tendency towards darker colors like dark grey and brown.
Surface texture is variant among particles.

Sandstone

Natural sand is a naturally occurring granular material composed of
finely divided rock and mineral particles. The color is usually brown
and dark orange.

Natural sand

3.2.2 Grading (sieve analysis)

The sieve analysis, commonly known as the grading or gradation test, is an essential test for all
projects involving aggregates. The sieve analysis determines the distribution of aggregate
particles, by size, within a given sample in order to determine compliance with design and
production requirements, and verification standards. The gradation data may be used to
calculate relationships between various aggregate or aggregate blends, to check compliance with
such blends, and to predict trends during production by plotting gradation curves graphically, to
name just a few uses. Used in conjunction with other tests, the sieve analysis is a very good
quality control and quality acceptance tool. Sieve analysis was performed according to AASHTO

T27 for fine and coarse aggregates.
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Samples were obtained and reduced to test size in accordance with AASHTO T 248. Next, samples
were dried to a constant weight in an oven set at 230 £ 9°F (110 £ 5°C), in an oven. They were
then weighed to the nearest 0.1 gram, and placed on top of nested sieves. Finally, the stacked
sieves were placed in a sieve shaker as shown in Figure 24. The gradation graphs are presented

in Figure 25.

Maximum Aggregate size (MAS) and Nominal Maximum Aggregate Size (NMAS) for coarse
aggregates, and fineness modulus of natural sand were measured along with sieve analysis which

will be used later for designing the concrete mix.

Figure 24. Sieve shaker
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Figure 25. Gradation of (a) coarse aggregates, and (b) fine aggregate.
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3.2.3 Specific gravity and absorption capacity

Specific gravity measurements are made on both fine and coarse aggregates. In the case of coarse
aggregates, the specific gravity of a sample is obtained by determining the ratio of the weight of
a given volume of aggregate to the weight of an equal volume of water. It is similar in nature to
the fine aggregate specific gravity test. Specific gravity and absorption capacity measurements

are performed according to ASTM C 127.

Four different types of specific gravity can be measured: (i) apparent specific gravity (volume
measurement only includes the volume of the aggregate particle, excluding the volume of any
water-permeable voids, and mass measurement only includes that of aggregate particles, Gsa);
(ii) bulk specific gravity Gs (volume measurement includes the overall volume of aggregate
particles as well as the volume of water-permeable voids, and mass measurement only includes
that of aggregate particles); since it includes the water-permeable void volume, bulk specific
gravity is less than apparent specific gravity; (iii) bulk saturated surface dry (SSD) specific gravity
(volume measurement includes the overall volume of aggregate particles as well as the volume
of water-permeable voids, and mass measurement includes the aggregate particle as well as the
water within water-permeable voids); and (iv) effective specific gravity Gse (volume measurement
includes the volume of aggregate particles plus the void volume that gets filled with water during
the test soak period minus the volume of voids that absorb asphalt); effective specific gravity lies
between the apparent and the bulk specific gravity [87]. In this report, values for bulk specific

gravity is calculated using Equation [25]:

Bulk Specific Gravity =G, = B—AC [25]
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where,

A: Mass of oven dry sample in air (g)

B: Mass of SSD samples in air (g)

C: Mass of SSD sample in water (g)

The absorption capacity of aggregates is calculated using Equation [26]:

% Absorption = x100 [26]

The measured values for specific gravity and absorption capacity for all aggregates are

summarized in Table 4.

Table 4. The measured values of aggregate specific gravity and absorption capacity.

Bulk specific Absorption
Aggregate type gravity capacity (%)
Basalt 2.97 0.9
Chert 2.19 3.0
Dolomite 2.45 2.3
Flint 2.62 14
Granite 2.66 1.1
Gravel 2.60 4.4
Limestone 2.54 1.0
Sandstone 2.58 11
Natural sand 2.51 3.4

3.2.4 Bulk density and voids in aggregates

Bulk density of aggregates is the mass of aggregates required to fill the container of a unit volume
after aggregates are batched based on volume. It depends on the packing of aggregate (i.e.
loosely packed aggregates versus densely compacted), and can be measured in loose (non-

compacted) or compacted condition.
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Loose bulk density can be determined by filling the container with dried aggregates until it
overflows from the container, followed by leveling the top surface of container by rolling a rod
on it. After that, the aggregate mass that is inside the container is weighed, and the measured
value is divided by the volume of container. Compacted bulk density can be determined by filling
the container in three layers, and tamping each layer using a 16mm diameter rounded nosed rod.
The test setup is shown in Figure 26. The value of bulk density is calculated using Equation [27].
The bulk density measured here, and the specific gravity obtained before can be used to calculate
the volume of voids in aggregates, as shown in Equation [27], which is the space between
particles in an aggregate mass not occupied by the solid mineral matter. A summary presentation

of the values measured for all aggregates is presented in Table 5.

M = G-T) [27]
\
where,
M = bulk density of aggregate, kg /m®[lb/ ft*]
G = mass of the aggregate plus the measure kg[lb]
T = mass of the measure kg [lIb]
V = volume of the measure m®[ t*]
. 100[(G, xW)—-M
%Voids = (G >W) = M] [28]

Gy xW
where,

Gsb = bulk specific gravity (dry basis) as determined in accordance with test method C127
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W = density of water 998kg / m*[62.3Ib/ ft°]

Table 5. Measured values of bulk density (compacted) and voids in aggregates.

Aggregate type Bulk density Absorption
(kg/m3) capacity (%)
Basalt 1506 49
Chert 1393 46
Dolomite 1538 37
Flint 1650 37
Granite 1554 42
Gravel 1746 33
Limestone 1522 40
Sandstone 1602 38

Figure 26. Measure and rod for bulk density measurements.

3.2.5 Los Angeles abrasion

The Los Angeles (L.A.) abrasion test (Figure 27) is a common test method used to assess the
aggregate toughness and abrasion characteristics. The aggregate abrasion attributes are
important because the constituent aggregate in concrete must resist crushing, degradation and

disintegration in order to produce a high-quality concrete material.
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The standard L.A. abrasion test subjects a coarse aggregate sample (retained on the No. 12, 1.70
mm, sieve) to abrasion, impact, and grinding in a rotating steel drum containing a specified
number of steel spheres depending on the gradation of aggregates. After being subjected to
abrading effects in the rotating drum, the weight of aggregate that is retained on a No. 12 (1.70
mm) sieve is subtracted from the original weight to obtain a percentage of the total aggregate
weight that has broken down and passed through the No. 12 (1.70 mm) sieve. For example, an
L.A. abrasion loss value of 40 indicates that 40% of the original sample passed through the No.

12 (1.70 mm) sieve.

Figure 27. The LA abrasion drum steel.

Coarse aggregates were subjected to the LA abrasion test according to ASTM C 131, and the

results are presented in Table 6.

Table 6. LA abrasion test results.

Loss due to the

Aggregate type abrasion (%)
Basalt 17.6
Chert 46.0
Dolomite 55.0
Flint 20.6
Granite 21.2
Gravel 20.4
Limestone 26.9
Sandstone 24.0
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A summary of the physical tests results on aggregates is presented in Table 7 for a quick

comparison and evaluation of aggregates.

Table 7. Summary of the aggregate physical test results.

Aggregate MAS,_ NMAS dg:s”;ty SgF;:\C/:?yC AE:S;?SH C(;/n?tfnt abr:/zion Comment
Tvee et ) (Buk %) %) %)
Basalt 3/4"-5/8" 1506 2.97 0.9 49.01 17.6
Chert 5/8"-1/2" 1393 2.19 3.0 36.12 46.0
Dolomite 11/2"-1" 1538 2.45 2.3 37.42 80.0
Flint 3/4"-5/8" 1650 2.62 14 36.87 20.6
Granite 3/4"-5/8" 1554 2.66 11 41.54 21.2
Gravel 5/8"-1/2" 1746 2.60 4.4 32.90 20.4
Limestone 3/4"-5/8" 1522 2.54 1.0 40.19 26.9
Sandstone 1"-3/4" 1602 2.58 11 37.88 24.0

Natural sand N.A. N.A. 2.51 3.4 N.A. N.A. FM: 3.15

3.2.6 Chemical composition of aggregates

To understand the chemical composition of aggregates, representative samples were gathered,
washed and dried overnight in oven at 230+9°F (110+5°C). Samples were ground to finer than
150 um particle size. X-ray Fluorescence (XRF) spectroscopy was used to determine the chemical
composition of aggregates. XRF is the emission of characteristic "secondary" (or fluorescent) X-
rays from a material that has been excited by bombarding with high-energy X-rays or gamma
rays. Aggregates were analyzed by XRF for SiO3, CaO, Al,O3, Na;O, K;0, Mg0O, MnO, Fe,03, TiO;
and P,0s after HT-digestion in excess Li-tetraborate (Li2B407). Operating conditions of the XRF
instrument were set at 50 kV and 50 mA. Bulk Loss on Ignition (LOl) was determined
gravimetrically by weighing powdered sample material pre-dried at 105°C until constant weight
before and after ignition at 1050°C. The weight loss includes both CO; and H,0 [88]. A summary

of the results is presented in Table 8. Some key findings based on these test results are as follows.

76



e The LOI for carbonate aggregates (dolomite and limestone) is higher compared to other
aggregates due to the large quantity of CO; in the composition of these aggregates.

e Silicates and aggregates dominate the composition of flint and chert, which can induce
alkali-silica reactions depending on the reactivity of the silicate phases.

e The abundance of ferromagnetic elements in basalt is notable. When testing this
aggregate for NMR (either individually or as a constituent of concrete), this issue will be

revisited.

Table 8. Chemical composition of aggregates.

Chemical Composition

Aggregate Si0, Ca0 Al,03 Fe,03 MnO MgO Na2O K20 TiO2 P20s Sum LOI

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)
Basalt 4850  9.00 1465 1499 018  6.26 249 070 195 019 9891 086
Chert 7114 089 1285 110 <003 004 388 423 006 <001 9419 552
Dolomite 1.65 5556  0.13 030 <003 119 <001 003 002 009 5897 41.09
Granite 39.92 1717 550 4.6 0.07  9.63 084 119 022 004 7944 2032
Gravel 3465 2271 3.58 2.15 003 960 071 075 016 004 7438 2554
Flint 7282 202 946 830 0.07 137 150  2.80 059 018  99.11  0.59

Limestone 2.18 53.54 0.47 031 <0.03 221 <0.01 0.21 0.02 <0.01 5894 4118
Sandstone  80.67 8.66 0.56 2.62 <0.03 0.14 <0.01 0.13 0.07 0.03 92.88 6.90
Sand 62.99 11.94 3.56 2.08 0.03 4.38 0.62 0.89 0.14 0.03 86.66  13.26

3.2.7 SEM —EDS of aggregates

A scanning electron microscope (SEM) is an instrument that produces images of a sample by using
electrons instead of light. A beam of electrons is produced at the top of the microscope by an
electron gun. The electrons interact with atoms in the sample, producing various signals that can
be detected, and contain information about the sample's surface topography and composition.
Detectors collect these signals (composed of X-rays, backscattered electrons, and secondary
electrons), and convert them into a signal that is sent to a PC monitor. The SEM used in this

research can achieve resolutions better than 1 nanometer. Specimens can be observed in high
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vacuum, in low vacuum (Environmental SEM), and at a wide range of cryogenic or elevated
temperatures [89]. Figure 28 shows the JEOL 6610 LV scanning electron microscope which was

used to scan the surface of aggregates.

Figure 28. The SEM- EDS system.

The SEM used in this research is also capable of performing Energy-dispersive X-ray spectroscopy
(EDS), which is an analytical technique used for elemental analysis or chemical characterization
of a sample. The interaction of the beam of electrons and the sample produces x-rays that can
be detected with EDS detectors, and yields elemental analysis on a local geometric basis. This
ability of EDS gives a unique and powerful means of scanning a particular spot of the sample, and

extract is chemical composition and elemental distribution.

SEM is a powerful tool that allows us to observe the surface of aggregates at high magnifications
(10 to 100 times higher than light microscope) with great resolution and depth of focus. SEM

allows us to study the surface texture, pores and chemical composition of aggregates.
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The following procedure was carried out for preparing aggregate samples for examination using

SEM:

1. For each aggregate type, two particles were selected, thoroughly cleaned and washed to
remove loose particles, dried in oven at 230 + 9°F (110 + 5°C) for 24 hours.

2. One side of each particle was sanded flat using grit sandpaper for mounting on metal
stubs.

3. The other side of one particle was polished to a depth of nearly 2 mm, and cleaned with
air compressor. The other particle remained unpolished at its natural state.

4. The grains were mounted on metal stubs using fast-setting epoxy as shown in Figure 29.
Samples were further dried in oven at 60°C for 24 hours.

5. Finally, the samples were stored in desiccators under vacuum until the day of experiment.

(a) (b)

Figure 29. SEM- EDS samples: (a) examples of polished and unpolished gravel; (b) different
aggregate particles.

SEM/EDS invesigations were conducted using a JEOL 6610 LV SEM (Figure 28) equipped with the
oxford image analysis software. The images were collected using a Backscattered Electron

Shadow (BES) detector in low-vacuum (60 Pa) mode. The accelerating voltage was set at 20 kV,
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and the spot size was varied from 35 to 55. Several images were taken from the particles with

polished and unpolished surfaces. The SEM images for limestone are shown in Figures 30 to 39.

Figure 30a shows the surface of limestone at 330X magnification. Large pores (~50 um) can be
seen at the top right corner of the image, while smaller pores (sub-micrometers) are spread
across the surface. Microcracks are also visible at the bottom right corner, that could occur either
naturally or due the crushing process of larger rock pieces into aggregate particles. Figure 30b
presents a higher-magnification (1000X) image of small pores and sub-micrometer grains found

on the surface of the aggregate particle.

Figure 31a presents the polished surface of an aggregate particle at 350X magnification. The
parallel lines indicate the residual traces of the polishing device. The image reveals the isolated
pores underneath the surface, which can be seen at a higher magnification (4000X) in Figure 31b.
These pores contribute to the overall porosity, density, specific gravity and engineering
properties of aggregates (e.g., strength and Young’s modulus). However, their presence cannot
be easily verified using conventional tests. Some of these pores can absorb water through
interconnected capillary pores, and some are completely isolated. Furthermore, some of these
pores contain bound water, and some are free of water. Later, when testing these aggregates

under portable NMR, the pores would influence the relaxation curves and other outputs.
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Figure 30. Natural surface of limestone.

) D

(a) (b)

Figure 31. Polished surface of limestone.

Figure 32a shows the natural surface of a basalt aggregate. Charging due the paramagnetic
impurities is the major reason for the shiny part on the bottom left corner of the images.
Nevertheless, this phenomenon does not obscure the pores which are about ~1 um in size. The
surface looks intact with almost no visible cracking. However, Figure 32b exposes some
underlying microcracks and submicron-pores. It is worth mentioning that the cracks that follow

each other (and usually occur in the direction of polishing) could be artifacts of the polishing
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process, and the ones perpendicular to the polishing direction mostly pertain to the aggregate

itself.

BES' 20kV.  WD1Smm. < SS45% 60Pa x1.000  0fim. =——
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(b)

Figure 32. BES images of basalt at different magnifications for a) natural surface, b) polished
surface of aggregate particles

Figure 33aillustrates the surface of chert at 350X and 1200X magnifications. In both micrographs,
very few microcracks are visible; they exhibit many residuals and small particles bound to the
surface of the grain. Figure 33b exposes the layered structure of the grain (top right corner) and
submicron pores. Moreover, many microcracks are revealed at 350X and 1200X magnifications

on the polished surface of chert.
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Figure 33. BES images of chert at different magnifications for a) natural surface, b) polished
surface of aggregate particles.

Figure 34a shows a large number of pores ranging from ~1 um to ~10 um in size. At 1400X
magnification, even smaller pores can be detected. Figure 34b reveals more pores underneath
the surface, but this time with a more uniform structure and consistency in size and location.
Very limited number of microcracks could be observed while investigating both the natural and

polished surface of the dolomite particles.
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Figure 34. BES images of dolomite at different magnifications for a) natural surface, b)
polished surface of aggregate particles

Shiny white spots in Figure 357 indicate the existence of ferromagnetic impurities in the
composition of flint aggregates. Small pores (~1 um) are locally distributed all over the surface.
However, the polished surface exposes more pores of nearly uniform size. Furthermore,

microcracks start to appear at higher magnifications (1500X).
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Figure 35. BES images of flint at different magnifications for a) natural surface, b) polished
surface of aggregate particles.

The natural surface of granite is shown if Figure 36a. In both magnifications (250X and 750X),
very limited number of pores is visible. However, many grooves and indentations are observed,
which provide a suitable place for water to dwell. These trench-like cutes also help the cement
hydrates bind to the aggregate particles. Figure 36b exposes the micro-pores and crystal

depositories underlying the surface.
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Figure 36. BES images of granite at different magnifications for a) natural surface, b) polished
surface of aggregate particles.

A consistent pore structure of gravel is found in Figure 37. These pores are spread all over the
grain, and are smaller than ~1 um. The layer underneath also shows the same pattern as the

surface with pores of similar size and smaller.
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Figure 37. BES images of gravel at different magnifications for a) natural surface, b) polished
surface of aggregate particles.

The structure of sandstone is very similar to that of gravel, both in natural and polished states.
However, sandstone contains larger pores and a less uniformed pore structure in underlying

layers when compared with gravel, as shown in Figures 38a and b.
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Figure 38. BES images of sandstone at different magnifications for a) natural surface, b)
polished surface of aggregate particles.

Figure 39a shows the smallest sand particles. The particles surfaces vary in nature, ranging from
very porous (right and top right) to almost non-porous (middle). However, by zooming on the
middle of the particle, submicron pores and cracks are revealed. The white, shiny spot in Figure

39b is an artifact of the magnetic impurity on the sand surface.
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Figure 39. BES images of natural sand at different magnifications

EDS analysis of aggregate surfaces was performed along with SEM observations. Spatial chemical
composition analysis gives us the ability to analyze the anomalies, decolorized spots, suspicious
or damaged locations, and local chemical compositions. The EDS spectra for the polished and
natural surfaces of limestone aggregate particles are presented in Figure 40. In general, calcium
is the dominant element with the highest x-ray count detected. Carbon and oxygen are the next
most abundant elements constituting the bulk of minerals inside the particle. These findings
corroborate the XRF results, and the common knowledge that limestone is a sedimentary rock
composed largely of the minerals calcite and aragonite, which are different crystalline forms of
calcium carbonate (CaCOs). The elemental spectra of aggregates are presented in Appendix A
(Figures 40 to 49). This technique would be more useful later when studying the aged/damaged

aggregates.
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Figure 40. EDS spectra of a) natural surface b) polished surface of limestone.
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Figure 41. EDS graph of basalt for a) natural surface and b) polished surface.
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Figure 42. EDS graph of chert for a) natural surface and b) polished surface.
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Figure 43. EDS graph of dolomite for a) natural surface and b) polished surface.
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Figure 44. EDS graph of flint for a) natural surface and b) polished surface.
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Figure 45. EDS graph of granite for a) natural surface and b) polished surface.
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Figure 46. EDS graph of gravel for a) natural surface and b) polished surface.
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Figure 47. EDS graph of limestone for a) natural surface and b) polished surface.
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Figure 48. EDS graph of sandstone for a) natural surface and b) polished surface.
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Figure 49. EDS graph of natural sand.

3.2.8 Ultrasonic pulse velocity

The inhomogeneous and variable nature of rocks (and thus aggregates) challenges direct
investigation of aggregate properties. Once rock is crushed into aggregates and shipped for
concrete production, access to solid rock specimens for performance of engineering (e.g.,
mechanical) tests would be difficult. One can use empirical relationships among various physical
and mechanical properties of aggregates to estimate their properties by performing simple tests.
Ultrasonic pulse velocity (UPV) is a nondestructive test that could be used for this purpose. This
test method is commonly used for estimating concrete strength per ASTM C597 [90]. The method
involves measurement of the time of travel of an ultrasonic pulse passing through a concrete
specimen or component. Comparatively higher velocities are obtained for concrete materials of
higher strength and density. UPV has also been used to estimate the engineering properties

(strength, density and petrophysical qualities) of rocks [91-95].

The UPV instrument for measurement of the time of travel and the velocity of the ultrasound
wave is shown in Figure 50. While UPV tests are commonly performed on solid specimens,

aggregates are generally available in granular form for the purpose of testing. In order to make a
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UPV test specimen from aggregates, a glass container (2 in diameter by 3 in height) with plasti
cap was packed with aggregates, approaching the maximum packing density of aggregates
(Figure 51). Replicated UPV tests were performed on samples of all aggregates, and the average

values of travel time and speed of ultrasonic wave were derived (Table 9).

The UPV test results reported here for unaged aggregates will be compared against those of aged
aggregates, and against the UPV test results to be produced for concrete materials made with

these aggregates.

@ M- s2eps WP
@ B ™ 5] oo

Figure 50. UPV instrument

Figure 51. UPV test sample
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Table 9. Measured values of ultrasonic pulse travel time and velocity through packed
aggregate particles.

Type Travelling time (us) Velocity (m/s)
Basalt 54 2801
Chert 73 2086
Dolomite 53 2900
Flint 45 3366
Granite 59 2659
Gravel 72 2212
Limestone 57 2716
Sandstone 81 1856
Sand 69 2343

3.2.9 Rate of absorption

The water absorption capacity of fine and coarse aggregates was measured and reported earlier.
In this reporting period, the rates at which aggregates approach their 24-h water absorption
capacity was measured for all the aggregate types considered in this research. Information on
the rate of absorption during the first few minutes, up to perhaps 1 h, is of considerable technical
importance. For example, it is during this period that an aggregate removes water from fresh
(unplaced) concrete, with a concurrent loss in slump [96]. Further, some researchers have
reported that the early rate of water uptake is associated with the 24-hr absorption capacity of

aggregates and, by inference, its freeze-thaw durability [97].

Representative samples of aggregates were selected, thoroughly washed, dried at 105°C for 24
hours, and finally cleaned with air compressor (to remove any possible debris blocking the

surface pores).

The rate of water absorption was determined by hanging a sample of aggregates from one arm
of an analytic balance, and surrounding it with deionized water. The apparent gain in mass was

monitored and recorded over time. Due to absorption, water enters the pore system and
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replaces air, resulting in an apparent rise in the mass of the samples. This mass gain is equal to
the amount of entering water because the departing air contributed a buoyant effect while the
arriving water contributed none. Hence, the apparent rise in mass at any time is equal to its water

absorption at that time [96].

The water uptake for each aggregate type was measured at different time intervals up to 24
hours. These values were normalized based on the maximum water uptake for each aggregate
type (and expressed as percentage). The rates are compared in Figure 52. Sorption values during
the first minute vary between 15 to 65%. For the first hour, sorption values range from 28 to 80%.
Aggregates with higher absorption capacity tend to absorb more water at earlier times. Also,

there could be a correlation between porosity, pore size distribution and sorption rate.

The particle size distribution and surface roughness of aggregates influence their surface-to-
volume ratio which, together with surface porosity, play important roles in sorption
characteristics of aggregates. One might suggest taking cores with similar size from different
rocks may lead to a solid analysis. Tests on rock cores of similar size [96] indicate that water
absorption varies greatly within different rocks, and sorption rate is not merely a function of the
24-hour absorption capacity. This investigation also found no correlation between the early

sorption rate of an aggregate type and its potential freeze/thaw durability.
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Figure 52. Percent of 24-hr absorption versus time for aggregates.

3.2.10 X-Ray diffraction analysis of aggregates

X-Ray Diffractometry (XRD) is a powerful for identifying crystalline materials. XRD can be used as
a stand-alone method, or in conjunction with other techniques in comprehensive chemical
characterization and investigation of aggregates. Here we use XRD to identify the major
crystalline constituents of aggregates. The presence or absence of certain crystalline structures
will later help in analysis of the concrete deterioration phenomena under different exposure

conditions.

XRD was performed using The Bruker Davinci Diffractometer shown in Figure 53. Samples of
aggregates were washed and dried, and then ground to produce fine powder. Figures 54 through

61 present the XRD spectra of the aggregates considered in this research.
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Figure 53. The Bruker Davinci Diffractometer.
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Figure 54. XRD spectrum of basalt.

(Peaks marked with A indicate the presence of augite with ideal chemical formulation of (Ca,Mg,Fe)2Si»0s. Augite
possesses a monoclinic crystal system with the cell refinement output of a: 9.745(3)A, b: 8.902(2)A and c:
5.271(1)A; alpha: 90°, beta: 106.10(2)°, gamma: 90° and Volume: 439.3(1)A3. Olivine and feldspar are the other
common crystals in basalt which were not found in the x-ray spectrum.)
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Figure 55. XRD spectrum of chert.

(The x-ray spectrum of chert is completely different from other spectra. Some researchers believe that flint and
chert are, speaking strictly, not minerals, but rocks. It is a textural variety of quartz that shares some properties
with jasper. It contains considerable amounts of other silica modifications, mostly moganite [98] and perhaps opal.
However, none of the expected crystalline structures were observed in the x-ray spectrum. Several different
varieties of chert notably deviate from typically expected structures of this type of stone.)
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Figure 56. XRD spectrum of dolomite.
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Figure 57. XRD spectrum of limestone.

(The marked peaks in Figure 30 clearly show the existence of calcite in dolomite aggregates. It should be noted
that dolomite could refer to the aggregate and the mineral. No trace of dolomite mineral was found in the x-ray
spectrum. Calcite with ideal chemical formulation of CaCOs has a hexagonal crystal system with the cell refinement
output of a: 4.9793(1)A, b: 4.9793(1)A, c: 17.0244(9)A, alpha: 90°, beta: 90°, gamma: 120° and Volume:
365.55(2)A3. Spectrum of limestone (Figure 31) is almost identical to dolomite because they are both sedimentary
carbonate rocks, sharing calcite as their backbone of mineral structure.)
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Figure 58. XRD spectrum of flint.

(Peaks pertaining to quartz are marked. Quartz also has a hexagonal crystal system with the cell refinement output
of a: 4.9134(2)A, b: 4.9134(2)A and c: 5.4042(4)A; alpha: 90°, beta: 90°, gamma: 120° and Volume: 112.991(5)A3.
Olivine and feldspar are the other common crystals in basalt which were not found in the x-ray spectrum. Peaks

marked with o could belong to Potassium Aluminum hydride. However, there is not enough evidence to confirm or
completely discard their existence. Raman or infrared spectrum could be used to investigate this matter if that is

necessary.)
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Figure 59. XRD spectrum of granite.

(Granite also contain quartz as the primary crystalline structure. Moreover, the peaks shown with o could belong
to albite (which is a form of feldspar) with chemical formulation of NaAlSizOg and triclinic pinacoidal crystal system
with the cell refinement output of a: 8.16A, b: 12.87A, c: 7.11A, alpha: 93.45°, beta: 116.4°, gamma: 90.28°.)
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Figure 60. XRD spectrum of sandstone.
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Figure 61. XRD spectrum of sand.

(The spectra in Figures 34 and 35 indicate the presence of quartz in both sandstone and sand. There are a few
unresolved peaks in both Figures that most likely belong to feldspar although there is not enough evidence to
support this claim.)

3.2.11 Soundness of aggregates

The soundness test determines an aggregate’s resistance to disintegration by weathering and, in
particular, freeze-thaw cycles. Aggregates that are durable (resistant to weathering) are less likely
to degrade in the field and cause premature damage and potentially, failure. The soundness test
repeatedly submerges an aggregate sample in a sodium sulfate or magnesium sulfate solution.
This process causes salt crystals to form in the aggregate’s water permeable pores. The formation
of these crystals creates internal forces that apply pressure on aggregate pores and tend to break
the aggregate. After a specified number of submerging and drying repetitions, the aggregate is

sieved to determine the percent loss of material.

Two standards are suggested for performing this test: ASTM C88 (used in this research) and

AASHTO T104. The following steps were taken:
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1. Sulfate solution is prepared. When used, the sodium sulfate solution’s specific gravity
should be between 1.154 to 1.171. About 215 anhydrous sodium sulfate was used per 1
liter of water

2. Coarse aggregate: enough material is selected, washed and dried. Sieve numbers as
indicated in Table 10 are stacked and the required retained material suggested by the

standard are selected.

Table 10. Sample mass requirement for coarse aggregates.

Minimum mass of

Sieve size )
specimen (gram)

2in (50mm) 3000
1.5in (37.5mm) 2000

lin (25mm) 1500
0.75in (19mm) 1000
0.5in (12.5mm) 750
0.375 (9.5mm) 500
No. 4 (4.75mm) 300

3. Fine aggregates: enough material is selected, washed and dried. Sieve numbers as
indicated in Table 11 are stacked and the required retained material suggested by the

standard are selected.

Table 11. Sample mass requirement for fine aggregates.

Minimum mass of

Sieve size .
specimen (gram)
No. 8 100
No. 16 100
No. 30 100
No. 50 100
No. 100 100

It should be noted that in Tables 10 and 11, if the sample contain less than 5-10% retained on

each sieve according to sieve analysis, that sieve size is neglected for testing.

109



Each sample is placed in a separate container.

4. Samples are immersed in sodium sulfate solution for 16 to 18 hours. The containers are
covered to reduce evaporation and prevent contamination and temperature is
maintained at 20°C for the immersion period

5. Samples are removed and drained for 15 minutes

6. Each sampleis placed in a separate aluminum container and is dried in the oven at 100°C.

7. Every 4 hours the weight is measured until the change in mass less than 0.1 percent.

8. Samples are cool at 20°C.

9. Steps 4-9 are repeated 5 times.

10. After the fifth and final cycle, the samples are washed and dried to a constant weight.

11. Coarse aggregates are sieved using the guideline in Table 4 with agitation sufficient only
to assure that all undersize material passes the designated sieve.

12. For fine aggregates the same sieve is used on which it was retained before the test.

13. The mass before and after cycles is recorded and compared.

Table 12. Sieve used to determine loss after test.

Aggregate size Sieve used
> 1.5in 1.25in
1.5in to 0.75in 5/8in
0.75in to 0.375 5/16in
0.375into No. 4 No. 5

Figure 62 compares the weight loss results in a bar graph. Moreover, the selected sieves and

percent weight loss for all aggregate samples are summarized in Tables 13-21.
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Figure 62. Summary of soundness test.

Among the coarse aggregates, granite, dolomite and flint show the best resistance to sodium
sulfate with the weight loss of less than 2%. Gravel, chert and basalt seem to be very prone to
situations similar to weathering where pore network plays an important role to keep the integrity
of the aggregate grain together. Moreover, natural sand weight loss is quite significant. It should
be noted that freeze-thaw cycles with appropriate aggregates will be performed on concrete
specimens and the performance of aggregates and cement paste matrix in conjunction together
will be revisited later. However, these test results provide useful insight towards a better
understanding of the specific aggregates used in this research in harsh environments (e.g. freeze-

thaw cycles).

It is worth mentioning, so far flint and granite exhibited strong performance in LA abrasion test
(with ~21% weight loss) and in soundness test (less than 2%). Low accessible porosity of these
aggregate enhances their resistance to various physical and chemical attacks involved in

concrete. However, various types of flints cause ASR in concrete due to the existence of certain
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silicate crystalline structure which reacts with cement alkali over time and causes excessive

expansion and potentially failure.

Table 13. Summary of soundness results for basalt

Sieve Size

Grading of
sample (%)

Weight of Test
Fractions Before

Weight of Test
Fractions After

Percentage
Passing

Weighted
Percentage Loss

Test (g) Test (g) Designated Sieve

Minus 4.5 mm (No. 4) 0.4

3/8"to No. 4 20.5
1/2" to No. 3/8" 26.2 500 382.3 23.5 6.2
3/4"to 1/2" 52.9 750 675.4 9.9 53

1" to 3/4" 0
Totals 100 1250 1057.7 11.4

Table 14. Summary of soundness results for chert.
) Weight of Test Weight of Test Percentage )
Sieve Size Grading of Fractions Before Fractions After Passing Weighted

sample (%)

Percentage Loss

Test (g) Test (g) Designated Sieve
Minus 4.5 mm (No. 4) 2.5
3/8"to No. 4 50.8 300 263.5 12.2 6.2
1/2" to No. 3/8" 35.8 500 409.6 18.1 6.5
3/4"to 1/2" 10.9 750 737.07 1.7 0.2
1"to 3/4" 0
Totals 100 1550 1410.17 12.8
Table 15. Summary of soundness results for dolomite.
. ' Grading of We|ght of Test We|g‘ht of Test Percen.tage Weighted
Sieve Size sample (%) Fractions Before Fractions After Passing Percentage Loss

pletr Test (g) Test (g) Designated Sieve g
Minus 4.5 mm (No. 4) 7.7
3/8" to No. 4 2.2
1/2" to No. 3/8" 1.6
3/4" to 1/2" 19
1" to 3/4" 333 1000 994.8 0.52 0.2
1.5"to 1" 36.3 1500 1497 0.2 0.1
Totals 100 1000 994.8 0.3

Table 16. Summary of soundness results for flint.
) Weight of Test Weight of Test Percentage )
Sieve Size Grading of Fractions Before Fractions After Passing Weighted

sample (%)

Percentage Loss

Test (g) Test (g) Designated Sieve
Minus 4.5 mm (No. 4) 0.2
3/8" to No. 4 4
1/2" to No. 3/8" 29.6 500 493.3 13 0.4
3/4"to 1/2" 66.2 750 739.18 14 1.0
1" to 3/4" 0
Totals 100 1250 1232.48 14
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Table 17. Summary of soundness results for granite.

‘ ' Grading of Welght of Test Welg‘ht of Test Percen.tage Weighted
Sieve Size sample (%) Fractions Before Fractions After Passing Percentage Loss
pletr Test (g) Test (g) Designated Sieve g
Minus 4.5 mm (No. 4) 0.1
3/8"to No. 4 4.4
1/2"to No. 3/8" 30.1 500 484.8 3.0 0.9
3/4"to 1/2" 65.5 750 748 0.3 0.2
1" to 3/4" 0
Totals 100 1250 1232.8 1.1
Table 18. Summary of soundness results for gravel.
) Weight of Test Weight of Test Percentage )
Sieve Size Grading of Fractions Before Fractions After Passing Weighted

sample (%)

Percentage Loss

Test (g) Test (g) Designated Sieve
Minus 4.5 mm (No. 4) 16.9
3/8"to No. 4 71.9 300 246.9 17.7 12.7
1/2" to No. 3/8" 8.2 500 474.5 51 0.4
3/4"to 1/2" 3
1" to 3/4" 0
Totals 100 800 721.4 131
Table 19. Summary of soundness results for limestone.
‘ - Grading of Welght of Test Welg‘ht of Test Percehtage Weighted
Sieve Size sample (%) Fractions Before Fractions After Passing Percentage Loss

pie i Test (g) Test (g) Designated Sieve €
Minus 4.5 mm (No. 4) 6.1
3/8"to No. 4 47 300 286.2 4.6 2.2
1/2" to No. 3/8" 26.5 500 432.6 13.5 3.6
3/4"to 1/2" 20.5 750 745.7 0.6 0.1
1" to 3/4" 0
Totals 100 1550 1464.5 59

Table 20. Summary of soundness results for sandstone
) Weight of Test Weight of Test Percentage )
Grading of Fractions Before Fractions After Passing Weighted

sample (%)

Percentage Loss

Test (g) Test (g) Designated Sieve
Minus 4.5 mm (No. 4) 1
3/8"to No. 4 26.3 300 275 8.3 2.2
1/2" to No. 3/8" 25.2 500 469.3 6.1 1.5
3/4"to 1/2" 39 750 736.3 1.8 0.7
1" to 3/4" 8.4
Totals 100 1550 1480.6 4.5
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Table 21. Summary of soundness results for sand

. . Percentage
Sieve Size Grading of Welght of Test Welg'ht of Test Passing Weighted
Fractions Before Fractions After .
sample (%) Designated Percentage Loss
Test (g) Test (g) ;
Sieve

Minus 150 um (No. 100) 1.1
No. 50 to No. 100 5.7 100 90.6 9.4 0.5
No 30 to No. 50 36.2 100 85.6 14.4 52
No. 16 to No. 30 28.1 100 80 20 5.6
No.8 to No.16 19.7 100 94.1 59 1.2
No. 4 to No. 8 9.2 100 92.4 7.6 0.7
3/8into No. 4 0
Totals 100 500 13.2

3.2.12 X-ray uCT of aggregates

The x-ray computed tomography (X-ray CT) technique makes use of computer-processed
combinations of many x-ray images taken from different angles to produce cross-sectional
(tomographic) images (virtual 'slices') of specific areas of a scanned object, allowing the user to
see inside the object without cutting it. X-ray CT has been widely used in medical imaging for
computerized axial tomography scan (CAT scan). X-ray micro tomography, similar to x-ray
computed tomography, uses x-rays to create cross-sections of a physical object that can be used
to recreate a virtual model (3D model) without destroying the original object. The prefix micro-
(symbol: p) is used to indicate that the pixel sizes of the cross-sections are in the micrometer

range.

Herein, x-ray micro-computed-tomography (X-ray uCT) is used to visually study the structure of
aggregate grains from all angles in a non-destructive fashion. In this method, an x-ray beam
transmitted through an aggregate particle along several different paths in different directions is
detected, manipulated electronically, and stored in a computer. The intensity of the x-ray beam
is measured before it enters the sample, and also after it passes through it. The transmitted X-

ray beams have a modulated intensity dependent on the overall linear attenuation characteristics
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of the intervening material. This modulated or the resulting CT image is a spatial distribution of
the linear attenuation coefficients, where brighter regions correspond to higher values of the
coefficient. Therefore, if phases with different linear attenuation coefficients are present in an
aggregate specimen, they show up as having different brightness. The linear attenuation

coefficients vary as a function of the composition and density of the material [99].

Figure 63 shows an aggregate particle (limestone) after it has been washed and dried. The x-ray
machine scans the cross sections parallel to the x-y plane, and moves in depth of the particle
(sample). The scanned data will be analyzed and rendered to yield 3D or layered images as shown
in Figure 126. An animated image (.GIF) file is available which plays all the layers in sequence.
Rendered image are in gray scale, presenting denser regions brighter, and showing empty pores
and cracks in black. However, since the minimum scanning resolution was set at 46 um, pores
and other phases smaller than 46 um cannot be observed and analyzed. The scanner has the
capability to resolve regions as small as 27 um. However, signal-to-noise ratio decreases, and

time of scanning and data file volume dramatically increase for this scanning resolution.

Figure 63. Aggregate specimen used for X-ray pCT

115



Figure 64a shows a relatively large void inside the aggregate. The depth of the void (in z direction)
is limited, and the effect of the void in Figure 64b disappears while other voids emerge.
Furthermore, the darker gray spots in Figure 64b show impurities and phases with lower density
compared to the major constituent of limestone. Figures 64c and 64d also show a mixture of

voids and impurities spread across the grain cross-section. Figure 65 presents scans of the same

sample with higher resolution.

(a) (b)
(c) (d)

Figure 64. Layered images of the aggregate X-ray scans at 46um resolution

(a) (b)

(c) (d)

Figure 65. Layered images of the aggregate X-ray scans at 27um resolution
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Figures 66 and 67 show the X-ray uCT scans of a basalt particle at two different scanning
resolutions. In both figures, shiny white spots indicate a lump and dense phase which could be
deposits of augite crystals as identified in XRD. Regardless of the scanning resolution, dark black
spots (which, similar to Figure 65, represent voids or cracks) could not be found, indicating that
the empty spaces (pores/cracks) in basalt are smaller than those in limestone. Although higher-
resolution scans (Figure 67) reveal more crystalline deposits, due to the size of the pores and the

reduction in SNR, pores cannot be easily identified.

(b)

Figure 66. X-ray uCT of basalt aggregates at 46um resolution.
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(b)

Figure 67. X-ray uCT of basalt aggregates at 27um resolution.

Figure 68 shows the X-ray uCT images of a (natural) gravel particles. The layered structure of
gravel is clear in both Figures 130a and b. Shinier regions represent materials of higher density

while darker regions represent materials of lower density. Black spots are indicative of the empty

spaces between layers.
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(b)

Figure 68. X-ray UCT of (natural) gravel particles at 27um resolution.

3.2.13 Visual inspection of damaged aggregates

The aggregates subjected to accelerated aging were evaluated using scanning electron
microscope (SEM) in order to assess the manifestations of damage on the surface texture of
aggregates. Figures 69-77 present the texture of different aggregates after repeated exposure to
sodium sulfate solution and drying in the oven at 110°C, as observed via scanning electron

microscopy.
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Figures 69 and 70 show SEM images at different magnifications of the basalt and chert aggregate
surfaces, respectively, after exposure. Cracks can be detected in both figures. In Figure 8a, a wide
crack can be observed at the top right corner. In Figure 70, cracks are narrower but more
prevalent. The weight losses of basalt and chert aggregates were among the highest when

compared with the other aggregate types considered.

(b)
Figure 69. SEM micrographs of basalt aggregates.

4 iy

(a) (b)
Figure 70. SEM micrographs of chert aggregates.

In the case of dolomite (Figure 71), although some cracks are visible in Figure 71a, they seem to

be unrelated to the soundness test. This crack pattern could also be observed in micrographs of
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control (unaged) dolomite presented in Report 1. No significant cracking could also be detected
in the micrographs of flint and granite (Figures 72 and 72, respectively). The weight losses for

these 3 types of aggregates were among the lowest, pointing at their high weathering resistance.

60Pa

(b)
Figure 72. SEM micrographs of flint aggregates.
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(b)
Figure 73. SEM micrographs of granite aggregates.

At the first glance, it seems that the surface of (natural) gravel has not changed after exposure.
However, a closer inspection of Figure 74b indicates that small narrow cracks appear across the
gravel particle. Similar cracks with less frequency also appeared in limestone and sandstone
shown Figures 75 and 76, respectively. These cracks are shorter and narrower than cracks in
chert. Small cracks and deformation are also prevalent in the natural sand grains shown in Figure

77.

Figure 74. SEM micrographs of natural gravel aggregates.
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(b)

Figure 75. SEM micrographs of limestone aggregates.
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Figure 77. SEM micrographs of natural sand.
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3.3 Cementitious Binders

Different binder types are considered in this research to compositions which yield concrete
materials of different properties (e.g. normal-strength and high-strength concrete). These

binders are based on:

1. Cement Type | (from Lafarge)

2. Cement Type I/Il (from Quikrete)

3. Fly ash Class C (from Headwaters Inc.)

4. Fly ash Class F (from Headwaters Inc.)

5. Silica fume (undensifed) (from Norchem)
6. Slag- Newcem 100 (from Lafarge)

The chemical compositions of above cementitious materials, obtained suppliers, are presented

in Table 22.
Table 22. Chemical composition of cementitious materials.
Chemical Composition

Binder SiO2 Cao Al0s Fe203 MgO Na20 K20  SOs TiO2 LOI

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Cement Type | 20.2 62.0 4.7 3.1 3.8 0.68* - 2.9 - 2.0
Cement Type I/Il  19.5 62.2 5.1 3.2 2.6 0.3 1.2 3.4 0.3 2.5
Fly Ash Class C 41.5 19.7 20.6 5.7 4.3 1.9 0.7 0.9 - 0.7
Fly Ash Class F 43.7 12.5 23.2 9.9 2.7 0.9 1.8 1.7 - 1.2
Silica Fume 91.7 - ---- ---- - 0.84* - 0.6 - 3.6
Slag 37.3 37.4 10.0 0.4 12.2 0.2 0.3 1.9 0.5 0.5

*Represents equivalent Na20 (Naeg) instead of Na20

3.3.1 X-Ray diffraction analysis of cementitious materials

XRD analyses were performed on all the cementitious materials considered in this research.

Figures 78 through 83 show the spectra for all these materials.
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Figure 78 and 79 present the XRD spectra of ordinary Portland cements Type | and Type I/Il,
respectively. In general, cement clinker comprises four major phases: alite (C3S, 50-70 st.%),
belite (C;S, 15-30% by mass), aluminate (C3A, 0-15% by mass) and ferrite (C4AF, 5-15%). It also
contains minor phases: periclase (M), calcium oxide (C), and alkali sulfates ((K-Naz)SOa) [100]. In
addition to clinker, cement contains gypsum and possibly other calcium sulfates. The cement
powder diffraction patterns are complex, and the number of phases creates a composite pattern
with many overlapping peaks. With most of the strong diffraction peaks overlapping,
identification of various phases and the related measurements are often performed using the

weaker peaks.
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Figure 78. XRD spectrum of Type | cement.
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Figure 79. XRD spectrum of Type I/1l cement.

Figure 80 and 81 present the spectra Class C and Class F fly ash. Quartz is the predominant

crystalline structure in both ashes, referred to as A. A calcium aluminate crystalline structure was

also identified in Class C fly ash.
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Figure 80. XRD spectrum of Class C fly ash.
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Figure 81. XRD spectrum of Class F fly ash.

The XRD spectra of silica fume and slag (Figures 82 and 83) do not present a significant, well-
defined peak, which could indicate the lack of a significant crystalline structure in their

composition.
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Figure 82. XRD spectrum of silica fume.
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Figure 83. XRD spectrum of slag.
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4 INVESTIGATION OF CONCRETE USING NMR

4.1 Understanding Relaxation Parameters

4.1.1 Longitudinal relaxation time (T1)

Relaxation parameters can be investigated in nondestructive NMR tests using different pulse
sequence programming included in the Prospa software. For most of the relaxation parameters,
the most efficient pulse programs have been identified. Pulse programs suiting measurement of
T1 and T, were presented in previous Progress Reports. A previous recap is presented in the

following.

'H-NMR is a spectroscopic technique which uses resonance interactions between
electromagnetic waves and the hydrogen nuclei placed in an external magnetic field. NMR is
based on nuclear spin, which is a quantum mechanics property of certain isotopes, including
hydrogen (H). This spin results in a magnetic dipole moment, which aligns with an applied
external magnetic field, generally labelled as By (see Figure 84b). Additionally, the spin axis can
be thought of as precessing, or revolving around the direction of By. The speed at which the axis
rotates is the precessional frequency or Larmor resonant frequency. This frequency is directly
proportional to the external field strength with a proportionality constant called gyromagnetic
ratio (y), wo = y.Bo. The gyromagnetic ratio is fixed for each type of atomic nuclei. In an object
volume with a large number of spins, part of the nuclear dipole moments are aligned in the
direction of the external magnetic field and part are exactly the opposite. The former is a lower-
energy state and the latter is in a higher state. The vector sum of all moments gives the net

magnetization in the object volume. In thermodynamic equilibrium this magnetization is parallel
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to the external magnetic field and therefore it is called longitudinal magnetization. The spins will
be induced to resonate, absorb and afterwards emit energy by applying electromagnetic energy
at Larmor frequency. This electromagnetic field will change the number of nuclei in the two
energy states (see Figure 84c). The longitudinal magnetization is transferred into transverse
magnetization. For magnetic fields between 102 and 10! T, which is typical for most NMR
experiments, the Larmor frequency is in the MHz range; as a result, the applied electromagnetic

field is often called radiofrequency (rf) field.

N (4
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Figure 84. Physical principles of Nuclear Magnetic Resonance. (1) Static magnetic field By, (2)
RF magnetic field B3, (3) NMR signal, (4) Spin-spin interactions, (5) spin-lattice interactions
[101].

In pulsed NMR, the rf field is applied as a transient pulse, which is described by its amplitude
magnetic field vector B; and its duration t,. Usually, a coil which is part of a resonant circuit
transmits one or more such rf pulses to the object volume. After tuning off the pulse(s), the
emitted energy is measured as an alternating voltage induced in the same (rf) coil. The amplitude
of this NMR signal is proportional to number of resonant spins in the observed object volume.
The absorbed excess energy dissipates due to interactions between spins and their atomic and
molecular environment (spin-lattice interactions), and also due to the interactions of spins

among each other (spin-spin interactions). These interactions are modulated in time by
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molecular motions giving rise to two relaxation processes (see Figure 157d). A gradual recovery
of the longitudinal magnetization is thus observed as well as a gradual loss of transverse
magnetization. The former process is labelled as T1 relaxation, and the latter as T, relaxation. In
the simplest case, each process proceeds exponentially in time. It can thus be described by a

single time-constant, i.e. by single relaxation times T1 and T».

For T1 measurement, the T: saturation recovery pulse sequence is utilized. It consists of a series
of 90° pulses which bring magnetization in the xy plane, and destroy it by totally dephasing it.
This is a 2D experiment, and is used also for T1-T2 correlation experiments. During the recovery
time, Tr,, magnetization is restored on the z axis [32]. The signal is read out with a CPMG
sequence. Therefore, the longer the recovery time the more signal amplitude we obtain, until
magnetization is completely recovered, and the maximum signal intensity is recorded. A sketch
of the pulse sequence is shown in Figure 85. For single-exponential relaxation the experimental

signal is described as a function of the recovery time:

s(t)=A{1—exp{‘1ff8}} [29]

1

- :

Ty To T3 Ty T te t

Figure 85. T1 saturation recovery pulse sequence. In the first part of the sequence, net
magnetization is destroyed. During the recovery time, magnetization is restored and read out
with a CPMG sequence [32].
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The spin-lattice relaxation time give us information on molecular mobility. Knowing the T1 value,
we can determine the recycle delay, that is the time between two consecutive scans.
Theoretically, this is 5xT1 and corresponds to the time during which 99% of the magnetization

recovers to the equilibrium state.

The Prospa software has all the built-in subroutines for operating the machine with various pulse
sequence programs used in this investigation. Figure 86 shows the software GUI for T1 saturation
recovery. This subroutine has three tabs. ‘Main’ tab allows user to change the pulse sequence
parameters. The correct parameters are obtained from past experience with cement paste and
concrete. The ‘Depths’ tab (Figure 86b) allows the user to set the depth of investigation inside
the sample. The ‘File settings’ tab (Figure 86¢c) gives multiple options to save and recover the

acquired data.
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Figure 86. The T, saturation recovery user interface.

4.1.2 Transverse relaxation time (T2)

The CPMG pulse sequence is used to measure the transverse relaxation time Ta. A sketch of the
sequence is presented in Figure 87. It consists of a 90° rf pulse followed by a train of 180° pulses.

The 180° pulse is double in amplitude but has the same length as the 90° pulse. With the help of
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the 180° pulses, magnetization, that starts to dephase due to Boinhomogenities, gets refocused
to form an echo. The envelope of the CPMG echo train is recorded. The echo amplitude decays
with time. Its initial amplitude provides the proton density, which is proportional to the content
of hydrogen atoms in the sample. The decay-time constant, T,, varies with the mobility of

protons.

:1tE' t

Figure 87. The CPMG pulse sequence. The echo envelope decays with time constant T2 [32].

The experimental CPMG signal s(t) can be processed in different ways. A good approximation of

the signal is a sum of exponential functions with relaxation times Toefs;i:

(=Y A exp{=——} 30)

2eff i

where, Aj is the relative spin density or mole fraction of components with relaxation times Taeft:i

in the sensitive volume if s(t) is normalized to one.

Figure 88 shows the software GUI for the CPMG pulse sequence. This subroutine has four tabs.
The ‘Main’ tab (Figure 88) allows the user to change the pulse sequence parameters. Similar to

T, saturation recovery, suitable parameters are obtained from paste experience with cement
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paste and concrete. The ‘Depths’ tab (Figure 88) allows the user to set the depth of probing inside
the sample. The ‘Fitting’ tab (Figure 88) provides the option to choose desired fitting techniques.
The most used fitting techniques in NMR relaxometry are: exponential fit, bi-exponential fit, and

inverse Laplace fit. The ‘File settings’ tab (Figure 161d) gives provides options to save and recover

e acquired data.
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Figure 88. The T, saturation recovery user interface.
4.1.3 Self-diffusion coefficient (D)

The self-diffusion principles are described here using an isolated arbitrary pore in a porous
material with volume V and surface S, shown in Figure 89. During an NMR experiment, the water

molecule and therefore also the spin moment can move within the pore due to Brownian motion.
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The velocity of this motion is characterized by the self-diffusion coefficient (D=2.3 x 10°m?/s for

water at room temperature).

A stimulated echo sequence is used to measure the self-diffusion coefficient of the sample. The
sketch of the pulse sequence is presented in Figure 164. This sequence enables measurement of
diffusion, D, as a function of the evolution time, A. It can be used to make measurements at

longer evolution times when magnetization is stored in the z direction, and decays with Ti.

In the first part, magnetization is stored in the z direction and spins are allowed to diffuse. The
signal is read out by a CPMG sequence. The more time the spins are allowed to diffuse, the more

the signal intensity will be attenuated.

The information obtained from the time-dependent diffusion coefficient is usually used in porous
media to probe length scales. The measured signal is described by:

In||—=— Dy*G?*5° {A+§5} [31]

0
where, & is the encoding time, and G is the magnetic field gradient.

In the Prospa software, the ‘Main’ tab (Figure 91a) allows the user to change the pulse sequence
parameters. The correct parameters are obtained from past experience with cement paste and
concrete so far. The ‘Depths’ tab (Figure 91b) allows the user to set the depth of investigation
inside the sample. The ‘File settings’ tab (Figure 91c) gives multiple options to save and recover

the acquired data.
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Figure 89. A schematical representaiton of an isolated pore and a moving water molecule
[68].
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Figure 90. Stimulated spin echo [102] sequence [32].
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Figure 91. Stimulated spin echo.
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4.2 Studying Different Phases of Concrete

Concrete can be regarded as a three-phase material®: natural aggregates, cement-paste matrix
and Interfacial Transition Zone (ITZ). These phases have significant effect on properties of
concrete individually and in interaction with each other. Although they vary significantly in nature

and functionality, they host a common resident: water.

Natural aggregates are porous materials which mean water can be absorbed into the body of the
particles or retained on the surface of the particle as a film of moisture. Porosity values up to 2
percent are common for intrusive igneous rocks, up to 5 percent for dense sedimentary rocks,
and 10 to 40 percent for very porous sandstones and limestone. However, many of the pores are
isolated and trapped in the dense skeleton of aggregate grain and do not contribute to the
moisture absorption/desorption. It is permeable pores (usually located on the first few
millimeters of the surface of aggregate grain) that play an important role on the moisture
absorption. The maximum possible moisture uptake of aggregate is referred to as “moisture
capacity”. Quality construction aggregate moisture capacity is usually less than 5% by weight of
aggregate. Moreover, depending on the amount of absorbed water, aggregates can be found at

various states of moisture absorption as shown in Figure 92.

1 Usually concrete phases are classified as: solid matrix (mortar and aggregates), a liquid phase (water) and a gas phase (vapor— air mixture).

However, in this work the three-phase concrete, as mentioned in the text is used for better characterization using portable NMR.
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State Oven dry Air dry Saturated, Damp or wet
surface dry

Total None Less than Equal to Greater than
potential potential absorption

moisture !
absorption | absorption

Figure 92. Moisture conditions of aggregates [103].

The moisture absorption of aggregates depends on the overall porosity and pore size distribution.
In a study by Kaneuji et al. [104] the pore size distribution of 13 different aggregates used for
concrete construction was determined using Mercury Intrusion Porosimetry (MIP), as shown in
Figure 93. Although MIP cannot distinguish between permeable and non-permeable pores, it
could estimate the overall porosity of aggregates rather accurately. From MIP measurement of
the tested aggregates, it can be seen that the pore size ranges from 10s of micrometers to 10s of

nanometers. The total porosity falls between 0.005 and 0.125 (CC/G).
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Figure 93. Pore size distribution of test aggregates [104].

Unlike aggregate, cement paste has a uniform structure hence its properties are easier to predict.
Zhou et al [105], obtained the pore size distribution of cement paste by measuring the throat
pore volume using the Pressurization—Depressurization Cycling (PDC-MIP) method, as shown in

Figure 94. The pore size ranges between 100um to slightly less than 10nm for paste sample with
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w/c of 0.4 cured for 28 days. Furthermore, total measured porosity is 0.028ml/ml. However, the
interaction between cement-paste matrix and aggregate and admixtures will significantly

influence both total porosity and pore size distribution.
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3 days
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Figure 94. Throat pore volume measured following the PDC-MIP testing sequence [105].

The interfacial transition zone (ITZ) (surrounding aggregates with up to 40um thickness [106]),
regarded as a weak link in concrete by many researchers, has a very different microstructure
from the bulk paste. Some researchers claim that it may significantly compromise the mechanical
properties and permeability of concrete, while others pointed out that no obvious negative
effects of the ITZ were found. For conventional concrete, the ITZ stems from the so called “wall”
effect: packing of cement grains against the relatively flat and large aggregate surface, which
leads to a local increase in porosity. Another origin of the ITZ lies in the microbleeding effect
where the ITZ accumulates free water around the aggregate surface, especially under large
aggregates, and increases the local porosity [106]. According to its formation mechanism, the ITZ
is believed to be affected by many factors, such as water/cement ratio, aggregate texture, and
aggregates size distribution [107]. Ollivier et al. [108] studied ITZ in comparison with bulk paste.
As shown in Figure 95, it seems that the pore size range of cement paste and ITZ are almost the

same, while the total porosity is higher for ITZ.
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Figure 95. Incremental porosity distribution of pure cement paste w/c= 0.4 and cement paste
of mortar (3 months old). A new porous volume in excess for the pores bounded by 0.045 and
0.1 um may be observed [109].

As mentioned before, water plays a key role in all three phases. More importantly, water is
generally involved in every form of deterioration and, with porous solids the ease of penetration
of water into the solid usually determines its rate of deterioration [103]. Therefore, we pay
special attention to water and its roll in ASR and other deterioration mechanisms in the remaining

reports.

4.2.1 NMR relaxometry of aggregates

Close to 75% of the normal-strength concrete volume is filled with aggregates. Therefore,
performance of NMR spectroscopy and relaxometry on aggregates is a reasonable first step for
building a data base that would help with interpretation of the NMR data produced on concrete.
Portable NMR provides an open geometry and a good spatial resolution within the testing object.
The portable NMR equipment developed in this research provides a sensitive volume (the specific
volume inside the object that is being investigated by the NMR sensor at the time of testing) with
a fixed size of 40mmx40mmx100um. Therefore, when it comes to testing of aggregates, due to
their relatively small particle size, testing is performed on relatively larger rocks which provide

continuum and sizeable testing surfaces and volumes. The rock pieces shown in Figure 140 were
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obtained from nearby quarries. % 3 Finding the exact boulders that were crushed into the
aggregates used in this research proved to be difficult due to the long way between aggregate
quarrying and supply. The rock types considered, however, are of the same type as some of the
aggregates considered in this research. Larger pieces of the following rock types (see Figure 96)

were obtained for evaluation in this research: (i) gravel (ii) grindstone, (iii) limestone and (iv)

sandstone.

1 -
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(a) Gravel (b) Grindstone (a type of sandstone)

(c) Limestone (d) Sandstone

Figure 96. Selected rocks for testing via portable NMR.

Rocks were tested in 2 different moisture conditions: (i) as-received (air dried); and (ii) saturated
surface dry (SSD). The rocks were initially kept at room temperature (70°F) and 50% relative

humidity for 14 days. This condition was named as-received, and the rock pieces were tested
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using the portable NMR equipment (Figure 97). Subsequently, the rock pieces were brought to
SSD condition by immersion in water for 24 hours, and then drying them with a towel in order to
remove the extra moisture on their surfaces. The rocks in SSD conditions were then tested using

the portable NMR equipment.

Figure 97. Testing a rock sample by the portable NMR equipment.

Values of the longitudinal relaxation time are 0.77 and 0.98 ms for cement paste and concrete,
respectively. Green dots (and lines) are the gathered data, and red lines represent exponential
fits to these data. Paste data are found to be smoother, and produce less variance of T1 values
when compared with concrete. This could be because many of the signals sent to the body of
concrete face solid, dense and largely dry aggregate volume, translating into noise and ultimately

reducing the signal-to-noise ratio.

Having the Ti values, the recycle time can be estimated, which enables measurement of the
transverse relaxation time (T:) values. The CPMGFast program is used in preliminary
investigations. The software settings and the transverse relaxation curves (T;) for paste and
concrete specimens stored in water are shown in Figures 99 and 100 respectively. Values of the

transverse relaxation time for saturated paste and concrete specimens were measured at 0.5 and
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0.8 ms, respectively. Again, the data points for cement paste exhibit less variation around the
fitted curve that those for concrete. This observation could be again attributed to the effect of
aggregates on the signal-to-noise ratio (SNR). Therefore, more data points (i.e. scans) are

required for concrete in order to produce reliable results.
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Figure 98. T longitudinal relaxation curves for (a) cement paste, and (b) concrete.
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Figure 99. CPMGFast program settings for (a) paste and (b) concrete specimens stored in

water.
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Figure 100. T relaxation curves for (a) paste and (b) concrete specimens stored in water.

Similar steps were taken to perform NMR on the air-dried specimens. The same setting was used

for obtaining T1 and T, curves.
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Figure 101. The T, longitudinal relaxation curves for (a) paste and (b) concrete specimens
stored in water.
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Figure 102. T2 relaxation curves for (a) paste and (b) concrete specimens stored in water.
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In testing of rock specimens with the portable NMR system, air-dried rock did not produce
significant signal intensity. This observation indicates that, unlike cementitious paste, common
concrete aggregates do not retain physically adsorbed water in finer pores. This is partly due to
strong resistance of aggregates to water sorption, which is due to the discontinuous nature of
pore system in undamaged aggregates. Aggregates could thus absorb moisture mainly into
surface pores; the (isolated) pores of aggregates are also relatively large in size. These conditions
lead to more thorough loss of moisture from aggregates (when compared with cementitious
paste) upon drying. Given the prevalence of aggregates in concrete volume, this is an important
observation in analysis of the concrete NMR data. After immersion in water, rock specimens in
saturated surface dry (SSD) concrete produce NMR signals, which are shown in Figures 103 and
104 together with the calculated values of T1 and T. The T1 values for different rocks vary from
1.5ms to 40ms, and T; values from 1ms to 40ms. The large ranges covered by these values point
at important differences in the pore systems and microstructures of the rocks considered here.
The test data indicate that limestone has the highest porosity and the largest pores (T2 = 40ms),
while sandstone has the lowest porosity and the smallest pores (T2 = 2.1ms). T1 and T, relaxation
curves for gravel seem to be obscured by either the high magnetic impurity or the small pores of
this specimen. These results for gravel cannot be interpreted unless a better SNR is achieved.
Comparatively, Limestone and sandstone produce well-defined T1 and T; relaxation curves. This
could be due to a well-distributed pore network and the lack of magnetic impurity in these rock

specimens.

Due to the various options provided by the Prospa software, the portable NMR settings will be

varied later to obtain the best curves within the shortest time possible.
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Figure 103. T; relaxation curves for saturated rocks.
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Figure 104. T relaxation curves for saturated rocks.
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4.3 Role of Water in Concrete Deterioration

Water in its various forms, such as seawater, groundwater, river water, lake water, snow, ice,
and vapor, is undoubtedly the most abundant fluid in nature. Water molecules are very small
and, therefore, are able to penetrate into extremely fine pores or cavities. As a solvent, water is
noted for its ability to dissolve more substances than any other known liquid. This property
accounts for the presence of many ions and gases in some waters which, in turn, become
instrumental in causing chemical decomposition of solid materials. Also, water has the highest
heat of vaporization among the common liquids; therefore, at ordinary temperatures it has a
tendency to exist in the liquid state in concrete, rather than vaporizing and leaving the material
dry. Furthermore, with porous concrete, internal moisture movements and structural
transformations of water are known to cause disruptive volume changes of many types. For
example, influx of water into the hydrophilic ASR gel can lead to high internal stresses and
microcracking. Therefore, investigating the water content, water transport processes and its

distribution an exchange between the gel and capillary pores becomes a priori.

While the dissolution of silica as the first stage of the ASR is well understood and accepted by
many researches, there is an ongoing debate how the swelling of the gel exactly relates to the
macroscopically observable expansion and deterioration of ASR affected concrete, see e.g.
Reference [110]. The ASR model proposed by Bazant and Steffens [111] is based on the idea, that
the imbibition of water generates a pressure in the gel, which pushes the gel to permeate the

pores in the cement paste located very near the surface of the aggregate particles.
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A macroscopic expansion is initiated only when the volume of the gel exceeds the accessible pore
volume resulting in a pressurization of the interfacial transition zone. Dron and Brivot [112] even
go that far to assume a through-solution mechanism, where the dissolved silica may diffuse away
from the aggregate particles and the subsequent expansive reactions may then take place
anywhere in the connected pore space of the cement paste. On the other hand Idorn [111] states,
that the expansive pressure develops directly at the reaction sites inside the reacting aggregate
particles and not in pores or cracks of the cement paste. Idorn argues, that gel, which possibly
penetrates into cracks and pores absorbs calcium ions from the pore liquid, what makes the gel

rigid and non-swelling [113].

Bazant’s theory could be expanded in the way that when water pressurize the gel, small pores
(gel pores) are flooded with ASR gel while the capillary pores facilitate the transport of water into
the ASR gel and gel pores back and forth. Many of the capillary pores will eventually shut off by
gel. This effect will be occurring at a faster rate closer to the aggregate surface. NMR can track
and distinguish the hydrogen nuclei at different confinement conditions. Therefore, investigation
of different pores, transport processes and variation of water in content and formation via NMR

will be useful to identify and monitor ASR.

4.4 \Water Content Measurements

The essence of nuclear magnetic resonance NMR is that the nuclei of many elements selectively
absorb electromagnetic energy when present in a steady magnetic field. In the case of water-
content measurement, one uses the direct proportionality in the parameters of the NMR signal

and the number of hydrogen nuclei (protons) in the water in the material. In pulse methods the
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parameters are the spin-echo signal amplitude and/or the initial amplitude obtained by

extrapolating the envelope of the signal amplitude in spin echo to the start of precession [114].

In order to measure the water quantity of paste-matrix, 12 cement paste cubes (50mm x 50mm
x 50mm) with water to cement ratio of 0.5 were fabricated and stored in water for 28 days. Cured
samples were placed on portable NMR (as shown in Figure 105a). CPMG pulse sequence was
used to perform relaxometry on paste cube and water sample. Pulse sequence parameters (as

listed in Table 23) for relaxometry measurements were optimized before testing cubes.

(a) (b)

Figure 105. Test setup for water content measurements.

Table 23. CPMG pulse sequence parameters.

Parameter Cement paste Water
Pulse sequence CPMG CPMG
Number of echoes 32 32
Pulse length (us) 5.5 5.5
Echo time (ps) 54 54
Number of scans 256 256
Repetition time (s) 0.2 10

Relaxometry was performed at 2.5mm and 5mm from the surface of the cube. At each depth,

the measured sensitive volume is a very thin rectangular prism (40mm x 40mm x 0.65mm). Using
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CPMG, the signal intensities were obtained at each depth as shown in Figure 106. Exponential

fitting was used to fit the data points.

Next, the signal intensity of bulk water was measured with similar CPMG pulse sequence used
for paste cube. To measure the signal intensity, tap water was poured in a thin glass container.
The water container was placed on the portable NMR (Figure 107b) and the signal intensity was

obtained as shown in Figure 107.
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Figure 106. Signal intensity of paste cube at (a) 2.5mm and (b) 5mm from the surface.
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Figure 107. Signal intensity of bulk water at (a) 2.5mm and (b) 5mm from the surface.

Normalization of the maximum signal intensity of the sample with the maximum signal intensity
of the water sample provides information on the total water content within the screened volume

[115].

By extrapolating the echo integral curves to zero time (Figures 106 and 107) using the first 4 point
(Figure 108), the maximum signal intensity for cement paste and pure water was obtained
(summarized in Table 24). Extrapolating will account for the chemically bound water which due
to the very short relaxation time, that is less that the dead time of the sensor are automatically
neglected by the portable NMR. The maximum signal intensity of pure water (3™ column)
corresponds to 100% water while the maximum signal intensity of paste (2" column) is only a
fraction of water signal intensity and can be proportionally estimated as the water content if
normalized with paste density. However, further verification and calibration will be conducted

by performing Thermogravimetry Analysis (TGA) on cement paste.
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Figure 108. Four-point back-tracked extrapolation of signal amplitude for (a) water and (b)

cement paste

Table 24. Maximum signal intensity and water content.

Maximum intensity Maximum Water
Depth . . 1
of cement paste intensity of water content
2.5mm 5.5815 16.033 18.32
5mm 5.5058 16.108 17.99

1The water content of paste is normalized with density of paste. Coming TGA results will enable us with more accurate estimation.

4.5 Water Distribution in Cement Paste

To provide information about the distribution of water inside the specimen data processing was

carried out on the relaxation decay results using bi-exponential fit and inverse Laplace

transformation. Both techniques enable us to distinguish between gel pore water and capillary

pore water, Figure 109.
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Figure 109. (a) T2decay of a saturated paste sample. (b) Bi-exponential fit. (c) Inverse Laplace.
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While pure liquid water at room temperature shows values for T, in the range of seconds the
relaxation time is severely reduced if a water molecule is chemically combined or adsorbed by a
surface. As a consequence, T, of chemically bound *H nuclei becomes so short that it cannot be
observed within low-field NMR. However, hydrogen of water in concrete capillary and gel pores
covers a range of Tz2values from approximately 10ms for capillary pores up to about 0.1ms for gel

pores.

The inverse Laplace transformations of decay of Hydrogen nuclei in cement paste at 2.5mm and
5mm depths are shown in Figure 110. The transformation measures the distribution of relaxation
times measured in the sensitive volume. The range of the relaxation times are measured to be
between 1ms and 100ms for the paste cubes, covering most of the pores found in cement paste
matrix. Sharp peaks in the figures indicate the prevalence of the pore sizes corresponding to that
relaxation times. In Figure 110a, two distinguished peaks are visible with corresponding
relaxation times of 1.68ms and 17.66ms, respectively. Higher amplitude of the peak at 1.68ms
compared to 17.66ms, indicates that there are larger number of pore sizes with 1.68ms
relaxation time compared to the pores with 17.66ms relaxation times. Moreover, the area under
the first curve (shorter relaxation times), when normalized with respect to the total area,
estimates of the gel pores percentage while the area under the second curve (longer relaxation
times) estimates the capillary pores percentage. The total area and area under peaks are

computed using a MATLAB routine as presented in Table 25.
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Figure 110. Inverse Laplace transformation of cement paste at (a) 2.5mm and (b) 5mm depth.

Table 25. Area measurements.
Area under 1st peak (a.u.) Total

Depth Peaks (ms) (normalized w.r.t. total Area ur.1der 2nd peak (a.u) area
(mm) (normalized w.r.t. total area)
area) (a.u.)
2.5mm 1.68,17.66 0.3883 (64.4%) 0.2142 (35.6%) 0.6025
5mm 2,45.39 0.4192 (65.3%) 0.2225 (34.7%) 0.6417

The results shown in Figure 110 and Table 25 suggest that gel pores account for two-third and
capillary pores account for about one-third of the pores in the cement paste. However, the
number of gel pores slightly increases and the number of capillary prose slightly decreases as we
probe deeper. Moreover, the pores become larger as we go in depth. This fact can be verified by
the increase in the total area under curves as well as the range of relaxation times. At 2.5mm
from the surface, pores cover a range between approximately 1 and 20ms while at 5mm the

range extends, between 1 and 100ms.
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5 PORTABLE NMR SYSTEM COMPONENTS AND OPERATION

The portable NMR system consists of three major components: (i) a precision lift (Figure 111a);
(ii) a profiling sensor (Figure 111b); and (iii) a spectrometer (Figure 111c). The sensor is installed
on the precision lift, and then connected to the spectrometer using a cable (Figure 112). The

spectrometer connects to a laptop computer through the USB port (Figure 113).

(a) (b) (c)

Figure 111. Main components of the portable NMR.

Figure 112. The sensor and lift assembly.
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Figure 113. The spectrometer and laptop assembly.

The portable NMR works with a software (Prospa) designed for the spectrometer, which can

control the measurement settings and the operation details.
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Figure 114. The Prospa interface.

5.1 NMR Probe

The NMR probe is the unit in charge of producing the magnetic field required to initiate the
resonance of certain nuclei by magnetizing and spin them in the same direction (either clockwise
or counter clockwise) inside the sample geometry using permanent magnets. It also pulse-tips
the magnetized nuclei and receives the data from the excited nuclei using the RF coil embedded

inside the probe. The data can be collected from various depth of the object by the help of a
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precision lift which moves the sensitive volume precisely within the depth of the object. Figure

115 shows the schematic of the probe and lift.
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Figure 115. (a) Magnets and coil configuration (b) probe and lift [116].
5.1.1 Magnets

The magnets (indicated by a in Figure 115) are neodymiume-iron-boron (NeFeB) blocks of 40, 50,
and 45mm along x, y and z, the gaps (indicated by ¢ and d) are G, = 19mm and Gs = 4mm

respectively, and the iron yoke (indicated by b) is 20mm thick.

The magnetic field was measured using a Lakeshore Hall probe, and its spatial dependence along
the two lateral directions is shown at three different depths. While the behavior of the field along
z is quadratic at the surface and become flat for larger depths, the field along x becomes flat at a
depth of 15mm away from the magnet, a distance that depends on the Gs chosen. The magnetic
field at 15mm from the surface and in the center of the device has a value of about 0.25T along

z, and has a strong uniform gradient of 8T/m along the depth direction. At this depth, the device

159



defines a plane of constant field intensity parallel to the surface with a field variation smaller
than 0.1mT in a region of 20mm along x and 10mm along z. The lateral selection of a sensitive

region with these dimensions will be achieved by choosing a RF coil with suitable dimensions.

5.1.2 RFcall

The radio-frequency coil in Figure 115a and tuning circuit to be used in combination with this
magnet must satisfy a number of requirements. First, the dimension of the coil is determined by
the lateral dimensions of the sensitive region where the magnet system defines a flat slice. For
the present prototype, this region is smaller than 40x40 mm? in the x-z plane. Second, the coil
must have a low inductance to reduce the detuning generated during the scanning procedure,
which involves the movement of the sensor with respect to the object and can change the load
of the coil. Third, the maximum depth desired determines the distance at which the coil must be

positioned away from the magnet surface.

5.1.3 Spectrometer

The goal here is to have a battery powered system that can be easily transported and used by a
single user. It is also desirable to produce a more compact unit specifically for the NMR probe.
Therefore the flexible modular system is enclosed in a standard readily available enclosure and
allows us to change RF front ends to accommodate different probes [117].

5.2 Device Specifications

A summary of the device specifications is presented below and in Table 26.

Operating frequency: 12.76 MHz
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Lateral size of sensitive volume: 40mm x 40mm

Gradient strength: 290 kHz/mm

Table 26. Settings and performance parameters for different measurement depths

Spacer Pulse length Rf- . Signal Echo shift

(I:nm) (u1s) € att(dB) TEmin? (Us) Signal® 105 um (1) Phase ()
20 5.5 -7/0 54 14.5 33 0.6 185
15 9 -7/0 62 6 2.1 0.6 185
10 15 -7/0 75 2.5 1.5 0.6 185
5 25 -7/0 95 1.11 1.0 0.6 185
0 35 -7/0 125 0.60 0.6 0.6 185

1. Attenuation used in a 750W amplifier
2. The minimum echo time that can be applied, when using the acquisition equal to the pulse length

3. Signal of water acquired with a CPMG setting TE = 200us, Acq = 64 s, and Nechoes = 8

5.3 Signal-to-Noise Ratio and Ways to Improve

Increasing SNR for portable NMR systems with inhomogeneous and relatively weak magnetic
fields is an important consideration in mobilizing the full potential of the technique. The
sensitivity of portable NMR systems can be significantly enhanced by using multi-echo detection
methods based on the application of CMPG-like pulse trains. By adding the echoes of a train, the
measuring times can be reduced by up to two orders of magnitude when compared with single-
echo methods (e.g., Hahn echo) [118, 119]. Optimization of the hardware is another
consideration which is complicated due to the lack of theoretical formulations for quantifying the
signal-to-noise ratio (SNR) in inhomogeneous fields. Hoult’s formulation of SNR [120] cannot be
applied in a straightforward way to single-sided sensors. These sensors are used to study samples
much larger than the sensor itself, and only a small portion of the sample can be reached in a

single experiment. This fact leads to the definition of the sensitive volume, which depends on the
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magnet, rf-coil geometry, and the pulse sequence applied. The optimization of a magnet requires
a delicate balance between field and gradient strength. A stronger field yields a higher sensitivity,
but if this is achieved at the expense of a more pronounced gradient, a smaller sensitive volume

would be excited, manipulating the SNR [38].

5.4 Software Preparation and Execution

Once the device is calibrated, testing of various specimens can be conducted. First of all, the
software settings should be selected carefully. Depending on the type of NMR characteristic (e.g.
Ty or T2) that is being investigated, the software parameters and options should be set to correct
values. These parameters include: the repetition time, pulse length, echo time, number of

echoes, etc. These parameters are the variables of relaxation equations.

5.4.1 Pulse sequences

The portable NMR device nondestructively investigates into the depth of materials by sending
magnetic pulses generated by strong magnets mounted on the device. These pulses excite the
hydrogen nuclei so that they start spinning in the same direction. Once the pulse sequence is
stopped, the nuclei start to lose their coherence and re-emit their energy as signals which are
detected by the sensor in the device. Pulses can be sequenced in a fashion that is time-efficient,
and yields high signal-to-noise ratio (SNR). Selection of a suitable pulse sequences is thus vital to

successful use of the portable NMR device.

The simplest form pulse is called Free Induction Decay (FID). FID is the observable NMR signal
generated by the non-equilibrium nuclear spin magnetization precessing about the magnetic

field. As shown in the Figure 116, a 90° single pulse is followed by a short spectrometer dead
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time (light grey), after which the signal may be observed. The signal from a solid, decays more
rapidly than that from a liquid. It is partially obscured by the spectrometer dead time (dotted

line, shaded region).

P 90
1
0.9 Dead time
0.8
0.7
0.6
M(t) 0.5
0.4
0.3
0.2
01
0
o 0.05 01 0.15 0.2

Time (ms)

Figure 116. The FID signal [1].

Due to the inhomogeneity of the static field generated by the open geometry of the portable
NMR, no FID is available (T2*~ RF, pulse length ~ 5us). Therefore, the spin echoes must be used.
The basic sequence used with the single-sided NMR sensors is the CPMG sequence. It consists of
a 90° pulse followed by a train of 180° ones, which generates a train of spin echoes in order to
refocus the BO inhomogeneities. The envelope of the decay can be used to obtain the spin density
as well the transverse relaxation time. Furthermore, sensitivity can be increased dramatically by
co-adding the echoes of the train, which results in reasonably short measurement times. While
the spin density can be simply related to the initial amplitude of the decay, the effective

transverse relaxation time, T2efr, can be extracted from the signal decay.

When programming a CPMG sequence to work with the portable NMR system, it is essential to

make suitable selections of the timing of pulses, free evolution periods, and acquisition windows.
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A mistake of only a few microseconds could be determinant. Figure 117 shows the CPMG pulse

sequence.

90°, 180°, 180°,

1-pl/2-acq/2 T-pl/2-acq/2

Figure 117. The CPMP pulse sequence.

In the CPMG pulse sequence shown in Figure 117, all rf pulses are set to have the same length pl.
In the case of 90-180-echo, the RF output of the first must be attenuated by 6dB extra. By using
the time intervals as shown in the figure, one should obtain the echo at the middle of the
acquisition window. In many cases, however, the presence of filters shifts the echo by few
microseconds. This can be corrected by simply shifting the acquisition window by adding an extra
delay to the first period, and subtracting it from the period after the echo. For example: 180° - (
T -pl/2-acq/2+ acq_shift ) - acq - (t -pl/2-acq/2 - acq_shift ) — 180°; in this way, the total free

evolution period is still 2 T -pl.

Pulse length (pl): The CPMG sequence consists of two types of pulses. The initial 90° pulse turns
the initial longitudinal magnetization into detectable transverse magnetization, while the
following train of 180° pulses refocuses the effect of BO inhomogeneities generating spin echoes.
When using the portable NMR, 90° and 180° pulses are set to have the same length; therefore,

the rf output for the 180° must be 6 dB higher. The optimum pulse length is determined by
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measuring the signal intensity as a function of the pulse length. The 90° condition is fulfilled when

the maximum signal intensity is detected.

Echo time (21): The echo time (21) is the delay between two echoes. It is determined by the delay
between the different pulses. The delay between the 90° and the 180° pulses has to be t-pl, and
the delay between two 180° pulses has to be 2t-pl. The echo signals are acquired in the center
between two consecutives 180° pulses. In order to achieve the maximum sensitivity, the echo
time should be as short as possible. However, the minimum echo time is limited by the dead time

of the probe and the length of the acquisition window.

Acquisition time (acq): The echoes are acquired in the center between two consecutive scans.
For the purpose of acquisition, it is very important to set a fast dwell time (i.e. dwell time = 1ys,
broad bandwidth = 1MHz). The dwell time is the delay between consecutive acquired points
during one echo. To maximize the detection sensitivity, the acquisition time should be set in a
way that the echo is acquired from half-to-half intensity. However, the length of the acquisition
window also determines the spatial resolution. It should be noted that, in many cases, the
presence of filters shifts the echo some microseconds. To correct for this, one can simply shift
the acquisition window by adding an extra delay to the first period, and subtracting it from the

period after the echo.

No of scans: In order to achieve an adequate signal-to-noise ratio (SNR), the CPMG sequence is
repeated several times, and the signal of these scans is averaged. Consecutive scans have to be
separated by a time called the recycle delay. During this time, z-magnetization is recovered,

which is required for performing the next scan. To achieve a maximum recovery of
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magnetization, the recycle delay should be of the order of 5T1 (longitudinal relaxation time).

However, maximum sensitivity/time is reached with a recycle delay of about 1.5Tx.

5.4.1.1 A general sequence

A general approach to be adopted uses a multiecho detection scheme in combination with
diverse encoding sequences. This allows for improving the detection sensitivity by co-adding the
echoes generated during the train. Depending on the specimen type, the experimental time
reduction can be up to two orders of magnitude. Figure 64 shows the structure of a general
sequence (encoding + detection). As an example, a Hahn echo sequence can be used as the
encoding period. This sequence enables measurement of the diffusion coefficient of liquids. A
stimulated echo can be used as the encoding period to measure the restricted diffusion

phenomena in porous media.

In Figure 118, the encoding sequence generates an echo, and at its maximum begins the CPMG
detection train. The detection echo time (214e) is always set as short as possible (limited by the
dead time) in order to maximize the number of echoes that can be acquired, while the echo time
during the encoding period (2tenc) can be set either to introduce attenuation (used as a filter or

to introduce contrast), or can be varied to sample the decay (amplitude vs Tenc).

encoding detection

90°, 1807, 180° 180°,
l I _____ Tenc* Tt Pl |

Tder

Figure 118. Hahn Echo sequence (encoding period) followed by a CPMG detection train
(detection period).
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For the purpose of Ti measurement, due to the impossibility of defining “perfect” inversion
pulses, the choice of saturation recovery is more convenient than the inversion recovery. The
sequence requires a saturation period, a recovery period A, plus a CPMG train for detecting the
M: magnetization at the end of the recovery period (Figure 119). Since FID cannot be used, an
echo must be generated. As saturation period, we are using five “90°” pulses with the following
delays between them: 10, 25, 40, and 75 ps. The repetition delay between consecutive

accumulations (d1) does not need to be of the order 5T1; in principle, it could be zero.

encoding detection

|
| saturation an®,

]

N

Figure 119. Saturation recovering + Hahn Echo sequence (encoding period) followed by CPMG
detection train (detection period).

By varying A, recovering of the M:magnetization is sampled. The addition of all echoes generated
during the train is proportional to M.. For example, if the sample has a T2of 50ms, and the echo
time is 0.050ms, one can acquire 1000 echoes per shot, equivalent to 1000/2 = 500 experiments

with a single Hahn echo detection.

Paste and concrete specimens (which were stored in two different environments: air and water)

were tested using the portable NMR system. The paste and concrete specimens were place on
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top of the portable NMR as shown in Figure 120. The T1SatAuto program is performed on paste

and concrete to measure Ti.

(a) (b)

Figure 120. Testing of cubic paste (left) and cylindrical concrete (right) specimens with the
portable NMR system.

After inputting the pulse program values, running of the program prompts the NMR sensor to
send and receive signals which are transferred to the spectrometer. The data is processed by the
spectrometer, and sent to the Prospa software. The GUI of the software shows the data
acquisition process as they the data is recorded; the results are presented on the screen at the
conclusion of the acquisition process. Examples of longitudinal relaxation curves (T1), produced
for cement paste and concrete specimens stored in water, are shown in Figure 121. Values of the
longitudinal relaxation time are 0.77 and 0.98 ms for cement paste and concrete, respectively.
Green dots (and lines) are the actually gathered data, and red lines represent exponential fits to

these data. Paste data are found to be smoother, and produce less variance of T1 values when
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compared with concrete. This could be because many of the signals sent to the body of concrete
face solid, dense and largely dry aggregate volume, translating into noise and ultimately reducing

the signal-to-noise ratio.

Having the Ti values, the recycle time can be estimated, which enables measurement of the
transverse relaxation time (T:) values. The CPMGFast program is used in preliminary
investigations. T1 and T, for paste and concrete specimens stored in water are shown in Figures
121 and 122, respectively. Values of the transverse relaxation time for saturated paste and
concrete specimens were measured at 0.5 and 0.8 ms, respectively. Again, the data points for
cement paste exhibit less variation around the fitted curve that those for concrete. This
observation could be again attributed to the effect of aggregates on the signal-to-noise ratio
(SNR). Therefore, more data points (i.e. scans) are required for concrete in order to produce

reliable results.
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Figure 121. T1 longitudinal relaxation curves for (a) cement paste, and (b) concrete.
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Fit result: (Ej = 1.7 uV: T, = 0.5 ms)
L L L L | L L L

=
ul

o123

=)
i

b=
=
i

Echo integral (|
S o
[= 0]
Ll
p———

=)
o
mh

< 02

T T T T T T
10 20 30
Time (ms)

(a)

Fit result: (Ep = 0.4 pV: T, = 0.8 ms)

e s =
- i s
| | |

Echo integral (uV)

=]
=
|

T T T T T T T T T T T T T T
10 20 30
Time (ms)

(b)

Figure 122. T, relaxation curves for (a) paste and (b) concrete specimens stored in water.

Similar steps were taken to perform NMR on the air dried specimens. The same setting was used

for obtaining T1 and T: curves.
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Figure 123. The T, longitudinal relaxation curves for (a) paste and (b) concrete specimens
stored in water.
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Figure 124. T, relaxation curves for (a) paste and (b) concrete specimens stored in water.

In testing of rock specimens with the portable NMR system, air-dried rock did not produce
significant signal intensity. This observation indicates that, unlike cementitious paste, common
concrete aggregates do not retain physically adsorbed water in finer pores. This is partly due to
strong resistance of aggregates to water sorption, which is due to the discontinuous nature of
pore system in undamaged aggregates. Aggregates could thus absorb moisture mainly into
surface pores; the (isolated) pores of aggregates are also relatively large in size. These conditions
lead to more thorough loss of moisture from aggregates (when compared with cementitious
paste) upon drying. Given the prevalence of aggregates in concrete volume, this is an important
observation in analysis of the concrete NMR data. After immersion in water, rock specimens in

saturated surface dry (SSD) concrete produce NMR signals, which are shown in Figures 125 and

126 together with the calculated values of T1 and T,. The T1 values for different rocks vary from
1.5ms to 40ms, and T, values from 1ms to 40ms. The large ranges covered by these values point

at important differences in the pore systems and microstructures of the rocks considered here.
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The test data indicate that limestone has the highest porosity and the largest pores (T2 = 40ms),
while sandstone has the lowest porosity and the smallest pores (T2 = 2.1ms). T1 and T, relaxation
curves for gravel seem to be obscured by either the high magnetic impurity or the small pores of
this specimen. These results for gravel cannot be interpreted unless a better SNR is achieved.
Comparatively, Limestone and sandstone produce well-defined T1 and T; relaxation curves. This
could be due to a well-distributed pore network and the lack of magnetic impurity in these rock

specimens.

Due to the various options provided by the Prospa software, the portable NMR settings will be

varied later to obtain the best curves within the shortest time possible.
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Figure 125. T relaxation curves for saturated rocks.
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Fit result: (Eg = 0.0 pV: T, = 1.0 ms)
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Figure 126. T relaxation curves for saturated rocks.

5.4.2 Software Integration

The system has been designed to cater for a wide range of users. Modular is the general-purpose

NMR development platform that is intended for those who are both knowledgeable and
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unfamiliar about NMR. The software, therefore, needs to be able to support a range of users
without compromising flexibility and performance. The types of users can be divided into a series

of levels as follows:

e Non-NMR user, can operate using just one button.

e Standard NMR user, can access a set of provided control panels and pulse sequences.

e NMR developer, can design control panels, macros and high-level pulse programs.

e NMR expert, can develop pulse programs with "C" or Assembler for the DSP and new

functions using the Prospa DLL interface.

Each of these different types of users are easily accommodated by simply building layers of
software on top of each other and then restricting the user's access to the various layers. In the
case of the user interface this can be implemented using the Prospa macro capabilities and in the
case of the DSP/USB system this can be implemented by providing various pulse program
development tools. Restricting users is important as the more privileges a user has the more
damage they can do. Therefore the aim is to always try and keep users at the highest possible

level [117].

The software integration consists of interfacing two parts. The Prospa software and the DSP pulse
programs. The data transfer between the two parts can be found somewhere else [38, 117]
where a virtual link between Prospa and the DSP/USB system was formed using a DLL that
contained "MyAPI". However, a protocol is still required to define the method of passing
parameters from Prospa to the DSP/USB system. The idea here is that Prospa sends a
preassembled pulse program, together with some parameters, to the DSP/USB system and then

requests that it execute it. Experiments such as a T, experiment would be implemented by getting
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the DSP/USB system to execute a spin echo pulse program multiple times but with different
parameters. These parameters would be sent in between each individual execution. The way that
was chosen to implement this is to develop a Prospa macro and a DSP pulse program for each

type of NMR experiment. This is now demonstrated using the example of a spin echo experiment.
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6 NONDESTRUCTIVE NMR EVALUATION OF THE DAMAGING EFFECTS OF ALKALI-

SILICA REACTION ON CONCRETE

6.1 General

This chapter documents the application of nondestructive NMR techniques towards detection
and characterization of progressive Alkali-Silica Reaction (ASR) in standard concrete specimens
made with reactive aggregates exposed to accelerated ASR aging. Relaxation times and self-
diffusion coefficient were measured using the nondestructive NMR test system for specimens
(prior to and) after different aging periods to study the formation of ASR gel and microcracks in
cement-paste matrix. The formation of ASR gel and the subsequent imbibing of water into the
gel alter the water distribution and binding condition in concrete. An increased concentration of
water in ASR gel where it can exist in a distinct binding (mobility) condition is expected. The
swelling of ASR gel is accompanied by formation of microcracks where water could reside in bulk
form, and can create new structural gradients with respect to depth. The nondestructive NMR
test data were interpreted in light of these effects of ASR aging on concrete structure, and distinct
trends in NMR test data that point at the presence and extend of ASR were identified.
Corroborative nondestructive tests were also conducted in order to verify the trends identified
in NMR tests. These nondestructive tests involved measurement of ultrasound pulse velocity
(UPV), dynamic elastic modulus, petrographic analysis, dye treatment and weight and volume

changes.
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6.2 Introduction

There is a long-standing interest in identifying the occurrence of ASR in concrete and monitoring
the extent of deterioration caused by it in a nondestructive fashion. Existing nondestructive
inspection techniques provide information on the health condition of concrete, but generally
cannot identify the causes of concrete deterioration [121]. The common practice employs
nondestructive testing (or simply visual inspection) to make a general assessment of the health
condition of concrete structures. In case problems are suspected, then destructive tests (e.g.,
petrographic examination of cores) are performed to gain more insight into the primary cause
and the extent of deterioration. Given the prevalence of ASR in aging concrete-based
infrastructure, there is a need for an expedient nondestructive method of identifying and
quantifying the ASR damage [122, 123]. This investigation evaluates the merits of 'H NMR

relaxometry/diffusometry as an effective tool for addressing this need.

Among the nondestructive test techniques applied to the concrete infrastructure experiencing
ASR, measurement of ultrasonic pulse velocity is probably most common [122-126]. Other than
UPV, resonant frequency [121, 123, 127] and nonlinear acoustic methods [128, 129] have also
been used, largely with laboratory specimens, to assess the ASR deterioration of concrete
specimens. Stauffer et al. [130] compared UPV, resonant frequency and nonlinear acoustic
methods of assessing the ASR damage in concrete specimens. UPV and resonance frequency tests
were generally less sensitive to damage up to moderate to advanced stages of deterioration
[121]. Rivard et al. [123] found that electrical resistivity is not effective in detecting the ASR

damage because a number of parameters influence this concrete property. The H NMR
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relaxometry principles, which were used in this investigation for detection of ASR damage, are

briefly introduced in the following.

NMR is a physical resonance phenomenon of magnetic atomic nuclei that precess in a magnetic
field [38]. In conventional NMR, massive, superconducting magnets with field strengths of up to
22 T are used to analyze matter with high sensitivity. Since the object of interest needs to be
located inside the test instrument, these magnets are not suitable for nondestructive analysis of
large objects. Also, such magnets cannot be transported easily, as they are heavy and must be
cooled with liquid nitrogen and liquid helium. This is why mobile permanent magnets were
introduced to materials testing markets where the object of interest is positioned in the stray
field outside the magnet. Portable NMR systems detect and analyze *H nuclei in the test object

(thus the name 'H NMR).

Two relaxation times for hydrogen nuclei within water molecules are generally measured in these
'H NMR experiments: T1, the spin-lattice relaxation time, and T, the spin-spin relaxation time.
The Ti is associated with dissipation processes from the spin system through all the other degrees
of freedom (lattice). The T, controls the dephasing within the spin system. These times differ
widely for chemically bound hydrogen, hydrogen adsorbed onto surfaces, hydrogen in water

confined to small pores and large pores [62].

A typical measurement with portable NMR applies a string of rf impulses. The first impulse
invokes an impulse response, which decays rapidly owing to the inhomogeneity of the stray field
of the NMR magnet. Echoes of the original impulse response are recalled many times with the
subsequent rf impulses. This way of measuring is referred to as the CPMG method (the name

refers to its discoverers Carr, Purcell, Meiboom, and Gill) [53, 131]. The envelope of the CPMG
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echo train, which decays with time, is recorded [132]. Its initial amplitude provides the proton
density, which is proportional to the content of water and organic material in the test object. The
relaxation times of hydrogen nuclei within water molecules are determined by the detailed
dynamics and chemical and physical environment of the water. In consequence, the
measurement of 'H nuclear spin relaxation times provides information on pore-water

interactions and water dynamics in concrete pore system.

Over the years, portable tools for TH NMR relaxometry have been developed and used for
nondestructive investigation of heterogeneous and porous materials. NMR has provided valuable
information related to time-dependent evolution of water in different states within concrete
[63], changes in the pore size of hydrating cement [62], quantitative monitoring of water
transport processes [115], the interconnection between solid content and pore size [69], and the
pore size distributions and hydration kinetics in cement-based materials [49, 59, 60, 62, 63, 66,
69, 133]. This investigation focused on the application 1H NMR relaxometry/diffusometry to

monitoring the progress of ASR in concrete.

Moisture is a key factor affecting ASR; it is the transport medium of ions, and also plays an
important role in the expansion stage. The overall expansion and cracking of concrete under ASR
attack is presumably caused by the sorption of water into the alkali—silica gel, which in turn
causes swelling and internal damage as illustrated in Figure 127. Attraction of water by ASR gel,
and the associated water transport phenomena could change the environment within (e.g. gel
pores, interfacial transition zone and capillaries) which water molecules occur, and thus produce
distinct *H NMR signals for identification of the ASR damage in concrete. The literature covering

the theories of portable low-field *H NMR relaxometry can be found elsewhere [38].
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Figure 127. Microstructure and mineralogy at aggregate-paste interfaces in concrete
undergoing ASR [134].

In the work reported herein we investigated the effects of the presence of ASR gel and the extent
of its formation in concrete specimens incorporating reactive aggregates exposed to accelerated
aging. A two-step method is proposed to examine the reactivity of aggregates. After examination
of aggregates, normal-strength concrete specimens were fabricated using these aggregates, with
sodium hydroxide introduced in the mixing water. The resulting specimens were aged under
accelerated conditions, and tested at different depths at different time periods using a portable
NMR. Corroborative test methods were also performed in order to verify the portable NMR
nondestructive test results. These corroborative tests included UPV, resonant frequency, optic

microscopy of dye-treated specimens, and scanning electron microscopy.
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6.3 Materials and Methods

Materials

Cylindrical concrete specimens with 75 mm (=3 inch) diameter and 150 mm (=6 inch) height were
fabricated using chert and flint (reactive) coarse aggregates (obtained from Fister Quarries,
Illinois), limestone (non-reactive) coarse aggregate (obtained from Highgrade Materials,
Michigan), siliceous (reactive) fine aggregate referred to as TX sand (provided by Texas DOT), and
non-reactive fine aggregate referred to as Ml sand (obtained from Builders Redi-Mix, Michigan).
Type | Portland cement supplied by Lafarge was used as binder. A water-to-cement ratio of 0.49
was used to prepare all concrete mixtures with coarse aggregate content of 1096 kg/m3 (1847
Ib/yd3) and fine aggregate content of 737 kg/m?3 (1243 Ib/yd3). This mix design is commonly used
as normal-strength concrete in Michigan Department of Transportation construction projects.
Table 27 presents the mix designs considered in this investigation as well as the method of
accelerated aging (internal versus external, as described later in this section). Chemical
compositions of the aggregates and cement used in this investigation, obtained by XRF
spectroscopy, are presented in Table 28. Chert, flint and TX sand are observed to have relatively
high silica contents. Although less than other siliceous aggregates, Ml sand also has a relatively
high silica content. The reactivity of all aggregates was tested via a two-step method described

in the following.
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Table 27. Concrete mix designs.

Mix Coarse Fine Total Coarse Agg./Fine Alkali
Water/Cement

No. aggregate aggregate Aggregate/Cement Agg. Source

M1 Chert TX sand 0.49 5.70 1.49 Internal

M2 Flint Ml sand 0.49 5.70 1.49 External

M3 Limestone Ml sand 0.49 5.70 1.49 External

Table 28. Chemical compositions of aggregates and cement (weight percent).

Chemical Composition (%)

Materials

SiO2 Ca0 ALOs Fe203 MnO MgO Na:0O KO TiO2 P20s  Sum LOI
Chert 71.14 0.89 12.85 1.1 <0.03 0.04 3.88 423 0.06 <0.01 94.19 552
Flint 7282 2.02 9.46 8.3 0.07 137 1.5 28 059 018 99.11 0.59
Limestone 218 5354 047 031 <003 221 <001 0.21 0.02 <0.01 5894 4118
Ml sand 62.99 1194 3.56 208 003 438 062 089 014 0.03 86.66 13.26
TX sand 70.86 824 7.16 3.03 0.04 031 16 232 04 007 9403 5.76
Cement 20.2 62 4.7 3.1 - 3.8 0.68 - - --- - 2

Test Method for Assessment of the Aggregate ASR Susceptibility

A two-step test method was used to detect and verify the ASR susceptibility of aggregates. In the

first step, a preliminary assessment of ASR susceptibility was made using the method suggested

by Chatterji [135]. In this test, 60g of coarse aggregate (crushed to pass No. 4 sieve), TX sand and

MI sand were collected. CaO powder (obtained from Sigma-Aldrich) and a saturated solution of

KCI (at room temperature) were prepared. 120ml of the KCl solution together with 3.5g of CaO

powder were placed in a glass tube and mixed thoroughly. The tube was then sealed and placed

in an oven maintained at 70°C. At the same time, aggregates were placed in an oven at 70°C.

Next morning, sand was added to the KCI-Ca[49]. solution and mixed thoroughly. The tube was

sealed again, and returned to the oven. For the first 8 hours, the contents of the tubes were

shaken at 2-hour intervals. After 24 hours, the tubes were stored in a water bath at 20°C for at

least 3 hours; during this cooling period, the content of each tube was shaken at 2-hour intervals.

The liquid phase of each tube was then filtered under suction through a 0.45mm membrane filter.
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The OH™ ion concentration of each of the filtrates was determined by titration against a 0.025N

HClI solution using phenolphthalein as indicator.

In the second step, aggregates were used for preparation of mortar bars. Coarse aggregates were
ground to less than 4.75mm [124 sieve] particle size (and not passing #200 sieve). Four mortar
bars were prepared for each aggregate type according to ASTM C1260. The mortar bars were
removed from molds after 24 hours, and placed in water at room temperature. The temperature
of water was then raised to 80°C (176°F) in an oven, and the mortar bars were stored in this
condition for 24 hours. After the bars were removed from water, their initial length was
measured. They were subsequently submerged in a 1M NaOH solution at 80°C (176°F), where
they were stored for 36 days. Length change measurements were made periodically during this

storage period using a Humboldt length comparator.

The accelerated aging methods used with concrete specimens were either internal or external.
For the purpose of internal accelerated aging, anhydrous sodium hydroxide (pellet) was added
to the mixing water of concrete containing chert to boost the sodium equivalent (Na;Oe) of
concrete to 1.53%. In external aging (which was used with all other mixtures), tap water was used
as mixing water, and the resulting specimens were submerged in 1M NaOH solution. The
specimens were demolded after 24 hours, and cured in lime-saturated water for 28 days.
Subsequently, for the purpose of internal accelerated ASR aging, concrete specimens were placed
in a steam chamber at 100% RH and 80°C (176°F). In external accelerate aging, the specimens
were submerged in 80°C (176°F) 1M NaOH solution. Test specimens were taken out and tested

after 7, 18 and 30 days of accelerated ASR aging.
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NMR Relaxomety & Diffusometry

NMR relaxometry tests were performed on concrete specimens prior to and after accelerated
ASR aging. Relaxation times and self-diffusion coefficients were obtained non-destructively at

various depths.

UPV, Dynamic Modulus and Weight Change

The ultrasonic pulse velocity (UPV) and dynamic modulus of elasticity were also measured for
concrete specimens parallel with NMR testing. In addition, weight and volume changes of

specimens were recorded over time.

Visual Observation

Cross sections of concrete specimens were treated by applying uranyl acetate and observed

under UV light (ASTM C 856 and AASHTO T 299).

6.4 Results and Discussion

6.4.1 ASR susceptibility of aggregates

The titration test results are presented in Table 29. The first row in Table 29 shows the amount
of HCI required for the reference solution containing no aggregate. The difference in Ca[49];
contents of the test mixture and a control mixture with a non-reactive aggregate corresponds to
the amount of K* that has entered the hydrated lime—alkali—silica complex. The titrated solution
of limestone (a carbonate rock) contains higher amounts of OH", indicating lower tendency of
this aggregate to react with the alkaline solution. Chert, flint, TX sand and MI sand, with high

silicate contents, react with alkaline solution and leave lower amounts of OH™ in the titrated
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solution. It should be noted that there are some silicate phases in limestone which react with
OH". Therefore, the A [OH7] is not equal to zero. The MI sand considered here has not been
reported as alkali-reactive. Therefore, additional tests were performed to more thoroughly

assess the reactivity potential of Ml sand (among others).

Table 29. Summary of the titration data for aggregates.

Aggregate type Titrated HCI (ml) [OH™] (mg/l) A[OHT]
None 6.50 110.50 0

Limestone 412 70.10 40.40

Flint 0.53 9.01 101.49

Chert 0.86 14.62 95.88

Ml sand 0.69 11.73 98.77

TX sand 0.98 16.66 93.84

In the next step, mortar bars were fabricated with crushed coarse aggregate and (as-received)
fine aggregate. These specimens were subjected to alkali-silica expansion tests per ASTM C1260.
This test method provides a means of detecting the potential of an aggregate to undergo
deleterious alkali-silica reaction. It is based on the NBRI Accelerated Test Method [136]. This test
is especially useful for aggregates that react slowly or produce expansion late in the reaction
process. It does not evaluate combinations of aggregates with different cementitious materials;
the test conditions also do not represent those encountered by concrete subjected to weathering
effects. Aggregates were washed and dried, and then ball-milled in order to reduce large grains
into smaller pieces as suggested by ASTM. Aggregates, cement and water were mixed in a mortar
mixer at aggregate: cement: water weight ratios of 2.25: 1: 0.45. After the ingredients were mixed
well, they were cast into molds. The molds were filled in two approximately equal layers, with
each layer compacted using a tamper until a well-consolidated specimen was obtained. After
demolding at 24 hours of age, the initial length was recorded using a Humboldt length

comparator (which was also used for subsequent length measurements). Length change
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measurements were performed per ASTM C490. The specimens were immersed in tap water.
The container was then sealed and placed in an oven at 80°C (176°F). The expansion test results
presented in Figure 128 indicate that chert is the most expansive of the aggregates considered in
this investigation. Flint and TX sand exhibited an initially high rate of expansion, which dropped

significantly after about 8 days.
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Figure 128. Measured values of expansion versus time.
6.4.2 XRD results

XRD was used to identify the major crystalline constituents of aggregates. The presence or
absence of certain crystalline structures will help with evaluating potential susceptibility of
aggregates to deleterious reactions in harsh alkaline solutions. Samples of aggregates were
washed and dried, and then ground to produce fine powder. XRD was performed using a Bruker
Davinci Diffractometer. The marked peaks in XRD spectrum of limestone (Figure 129) point at the
existence of calcite as the backbone of mineral structure. No trace of dolomite was found in the
XRD spectrum. In the case of flint, peaks pertaining to quartz are marked in Figure 130. Olivine

and feldspar are the other common crystals in flint, which could not be identified in the x-ray
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spectrum generated for the specific flint aggregate considered in this investigation. Peaks marked
with o could belong to Potassium Aluminum hydride; there is, however, inadequate evidence for
confirming or totally rejecting its existence. The x-ray spectrum of chert, shown in Figure 131, is
completely different from the other spectra. Chert is a textural variety of quartz that shares some
properties with jasper. It contains considerable amounts of other silica species, mostly moganite
[98] and perhaps opal. None of the expected crystalline structures, however, were observed in
the x-ray spectrum. Several different varieties of chert deviate from the typically expected
structures of this rock. Both Ml and TX sands contain quartz as their primary mineral, as shown
in Figures 132 and 133. The quartz crystals in TX sand seems to be more expansive based on micro
bar testing, although titration data point out at roughly even degrees of reaction with hydroxyl

ions for TX and Ml sands.
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Figure 129. XRD spectrum of limestone.
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Figure 130. XRD spectrum of flint.
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Figure 131. XRD spectrum of Chert.
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Figure 132. XRD spectrum of Ml sand.
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Figure 133. XRD spectrum of TX sand.
6.4.3 NMR test results

Three Cylindrical concrete specimens with different aggregate types exposed to accelerated

aging were examined with the portable NMR at room temperature (22-25°C).

T1 values were measured and Two-sample t-test was performed on all T1 values obtained
(irrespective of depth) prior to and after exposure to the early stages of accelerated ASR. The T;
values for unaged specimens were considered as group 1 (Var (1)), and for exposed specimens
as group 2 (Var(2)). T-test yielded a p-value of 0.960, accepting the null hypothesis at the 5%
significance level. Hence, the change in T;1 (longitudinal relaxation) produced at early stages of
accelerated ASR exposure is not statistically significant. Furthermore, the t-test indicated that the

Ty value of 7.8s (shown by asterisk in Figure 134a) is an outlier.

Normal probability plots were produced for the measured values of T1 in order to assess whether
the test data have a normal distribution. For this purpose, cumulative distributions of the test
data were drawn versus the theoretical cumulative distribution function of a normal distribution.

In these plots (Figures 134b and 134c for unaged specimens and those exposed to early stages of
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accelerated ASR, respectively. The horizontal axis corresponds to experimental results, and the
vertical axis to the normal order statistic medians calculated using the uniform order statistic
medians and the inverse cumulative distribution function (icdf) of the normal distribution. If the
sample data has a normal distribution, then the plot appears linear. Distributions other than
normal introduce curvature in the plot. The method superimposes a fit line onto the plot using a
robust linear fit of the sample order statistics for the data in second and third quartile of the
sample data. Then it extrapolates linearly to the minimum and maximum values in the sample to
help visually assess the data in the tails. Figures 134b and 134c indicate that the measured values
of T1 (at different depths) prior to and after exposure to early stages of ASR, respectively, follow
normal distributions. Figure 134c further implies that the measured T; value of 7.8 ms deviates

from normal distribution, and is probably an outlier.
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Figure 134. Statistical evaluation of the measured values of Ti.
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Figure 135 displays the T, spin-echo decays (on the left) and the T, distributions obtained from
Inverse-Laplace Transformation (on the right). For each mix design, these plots were obtained in
control condition and after 7, 18 and 36 days of accelerated aging. The NMR signals were
collected at 5mm depth from the surface of concrete specimens. The slice tested in concrete
(nondestructively) is 40 mm by 40 mm in planar dimensions, and 0.65mm thick (also referred to
as sensitive volume). Source of alkali for mix M1 was internal, while that for M2 and M3 was
external. Two (fast and slow) decay components are present at the initial and later stages of
relaxation. Correspondingly, the T, distribution shows the presence of more than one peak. The
fast decay component is represented by the main bell-shaped peak with T, values ranging from
0.1 ms to 1ms, corresponding to gel pores and small capillaries. A couple of slower decay
components appear in the T; range of 1 to 30 ms; the lower amplitudes at longer T, values

correspond to larger capillaries, microcracks and voids.

Figures 135b, d and f show the T, distribution of concrete specimens. Concrete containing
reactive aggregates (Figures 135b and d) exhibit a slight shift of the first peak (from left) after 7
days of accelerated aging. The shift moves to the right (larger T, values) as aging continues. This
could result from the formation of ASR gel. At 36 days, the first and second peaks disappear for
concrete containing chert (M1 in Figure 135b), and a new peak appears somewhere in between
them. The amplitude of this peak decreases at later stages of accelerated ASR deterioration. ASR
gel imbibes water from surrounding pores and cracks through capillaries [137], yielding
amorphous hydrous silica. The trapped water in the amorphous gel is at lower energy states;
therefore, the newly formed peaks shift towards left of the capillary pore peaks (second peak)

[111]. Furthermore, as ASR gel swells, a network of microcracks forms with various lengths and
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widths, which explain the widening and bell-shaped distribution of T, values. Concrete containing
flint (M2) seems to react slower, although the peaks tend to follow the same trends. Given a long

enough aging time, a monomial distribution is expected for mix M2.

5.00 r
— Control
>
2
< 4.00 — —7days
el
2 18 days
g 3.00 36 days
€
©
£ 2.00
3
&
T 1.00
g
<
R 1o v s
0.00 + S =
0.10 1.00 10.00 100.00
Time (ms)
(a)
05 ¢
04 Control
- - =7days
03 F
18 adys
0.2 f 36 days
01
0 —_ 1 —
0.1 1 10 100 1000
T, (ms)

(b)

Figure 135. T2 decays (left) and the T: distributions obtained from inverse Laplace
transformation (right) of Mixes M1 (a,b), M2 (c,d) and M3 (e, f).
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Figure 135. (cont’d)
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Figure 135. (cont’d)
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Using the peak fitting subroutine in MATLAB, peaks of the T, distribution curves prior and after
exposure to ASR were obtained. The subroutine uses an unconstrained non-linear optimization
algorithm to decompose a complex, overlapping-peak signal into its component parts. The results

for sample M25A1 at 5mm depth are presented in Figures 136a and 136b for control and aged
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specimens, respectively. The blue dots represent the test data obtained using the portable NMR.
The red line is the fitted curve to the data. The green curves are the curves fitted to the peaks.
For specimen M25A1 in control condition, 3 peaks are found at T, = 10197 (0.08ms), 1092607
(0.55ms) and 10%27°1 (563ms). Since the T values (on x axis) are in logarithmic scale, the actual T
values are obtained by taking the values to the power of 10. After exposure to ASR, 2 distinct
peaks are found at 103994 (0.1ms) and 10-%>%>(0.88ms). These results suggest that although the
first peak does not vary (0.08ms and 0.1ms), the second peak moves from 0.55ms to 0.88ms. This
shift could be due to the contribution of newly formed ASR gel pores as well as the microcracks

formed as a consequence of the ASR gel expansion.
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Figure 136. The T2 distribution peak fitting for the specimen M25A1 (a) in unaged conditions,
and (b) after early stages of exposure to accelerated ASR condition.
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Figure 136. (cont’d)

L L U L L U
04r- N
o 0.3r _
=]
o
E 0.2} ,
n
0.1 i
o L L L 90 ek L B,
-4 -3 2 3 4 5
Peaks =3  Shape = Gaussian  Min. Width = 0.1233  Error = 3.153% R2 = 0.98749
Single fit
Peak # * Pdsition” * Heightn " Width* “Area ' :
0021 1 -1.004 011, 0.7695 0.3285 l
2 -0.05445° °0.2175 ° 1.228 0°°60.2842
Opeceey *9:207 0° QllgaGoes  Beccecececesescces
[ ] [ ] ° .'
-0.02 |- R ]
-0.04 - ° .
_006 r r [ o r r r r r r L.
4 -3 2 1 0 1 2 3 4 5
Residual Plot

(b)

The initial amplitude of the relaxation curves, which corresponds to total moisture content,
increases for M1 and M2 (containing reactive chert and flint), but decreases slightly for M3
(containing limestone). Expansion and cracking in concrete materials experiencing ASR
deterioration could be caused by the osmotic pressure resulting from the imbibing of pore
solution by the ASR gel [138]. The interaction of the pore solution with the already formed gel
leads to a significant macroscopic expansion of the material [22]. There would be a negligible
reduction of expansion by the classical capillary shrinkage due to the transfer of capillary water
to the ASR gel. One could argue that some shrinkage cracking could also occurs [20]. The apparent
specific volume of silica in solution has been calculated at 0.384 mL/g SiO2 [21], that is nearly the
same as the specific volume of a-quartz at 0.377 (2.65 density) or chalcedony. Hence, the volume

change associated with dissolution is negligible. XRD analyses of the aggregates used in this
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experimental work confirmed the presence of quartz in sand and flint; no crystalline mineral was
found in chert. Amorphous silica, however, could exist in various forms in chert. The significant
expansion of microbars containing chert could be explained based on this observation. With
progress of alkali-silica reactions, the resulting microcracks accommodate more water, and thus

raise the initial decay amplitude.

The volume of water dwelling in concrete pores can be estimated using the initial amplitude of
the relaxation decay curve [68, 139]. Figure 137 presents the percent change of the initial
amplitude of decay curve (relative to control condition) over time, for mixes used in this study.
The moisture content of Mix 1 (M1 — with internal source of alkali) increases steadily over time,
pointing at a positive flow of water into the sensitive volume. This can be explained by the
formation of ASR gel, and transport of water into this gel. Continuous flow of water to ASR gel
causes swelling and cracking of concrete, which can then accommodate even more water with
progress of ASR deterioration [140, 141]. The initial amplitude of Mix M2 decreases during the
first 18 days of accelerated aging, and picks up after that. This could be due to the deposition of
sodium salts within the pores and the associated consumption of water. After 36 days, the
relative change is positive, indicating accumulation of water in the resulting cracks. The reduction
of amplitude for Mix M3 (made with limestone) could also be due to the deposition of sodium
salt in pores. Formation of microcracks is not expected in this mix due the inert nature of

aggregates, which explains why moisture content does not increase with time.
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Figure 137. Moisture content of concrete specimens as a function of the accelerated aging
duration.

As mentioned earlier, the relaxation decay curve has a fast and also a slow relaxing component.
Fitting a bi-exponential curve will yield two relaxation times, short T; and long T, corresponding
to slow and fast decay components, respectively. Figures 138 shows the short T, components of
concrete specimens representing three different mix proportions subjected to accelerated ASR
aging. Short T, is observed to generally increase with progress of ASR aging for concrete mixtures
M1 and M2, while it is almost constant for M3. Mixes M1 and M2 were made with reactive
aggregates; mix M1 was made with chert which seems to be more reactive. In addition, the
source of alkali is internal in the case of mix M1, indicating that aggregates are readily surrounded
by a highly alkaline pore solution that promotes ASR as soon as the specimens are fabricated.
Mix M2, on the other hand, was subjected to external alkali attack where the alkaline solution

needs to diffuse inward to reach aggregates with reactive silica phases. The concrete mix M3 was
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prepared with apparently non-reactive limestone, which explains why its short T, remained

nearly constant under accelerated ASR aging.
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Figure 138. Effects of accelerated ASR aging on the short component of T for three different
concrete mixtures.

6.4.4 Corroborative tests

UPV and dynamic modulus of elasticity

The results of nondestructive UPV and dynamic modulus measurements are presented in Figures
139 and 140, respectively. The general trends point at a minor drop in UPV and a consistent drop
in dynamic modulus with progress of aging for concrete mixes M1 and M2, which are expected
due to the deterioration of these concrete mixtures that were made with reactive aggregates.
Microcrack formation and growth around and within the reactive aggregates cause concrete
degradation, which reflect upon the UPV and dynamic modulus measurements. The trends in
nondestructive UPV measurements, however, are weak and statistically insignificant. Dynamic
modulus measurements, which cannot be performed nondestructively in field, support the T,

measurements made nondestructively using the NMR instrument. In both these experiments,
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mixes M1 and M2 with reactive aggregates produce notable changes with progress of accelerated
aging. Mix M3 with non-reactive aggregates, however does not experience any significant
changes in dynamic modulus and T; values under exposure conditions that accelerate ASR aging.
Both the top (exposed) surface was sprayed soon after placement and finishing of UHPC. Both
these tests suggest that the pace of ASR attack picks up towards the end of the accelerated aging

period considered in this investigation.
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Figure 139. Ultrasound pulse velocity (UPV) of specimens prior to and after aging.
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Figure 140. Dynamic elastic modulus of specimens prior to and after aging.

Uranyl treatment and visual observation

A freshly exposed concrete surface is sprayed with a solution of uranyl acetate, rinsed with water,
and then viewed under ultraviolet light. Reacted particles and gel appear as bright yellow or

green areas as shown in Figure 141 for concrete made of chert and flint.

As it appears, colored areas are more widespread in concrete containing chert. Reacted areas in
concrete made of flint are lest wide spread. Moreover, yellow-greenish color tends to be more
intense in mix M1 compared to M2. This could be due to the internal source of alkali and use of

more reactive aggregate in mix M1.
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(a) (b)

Figure 141. Uranyl-acetate treated cross section of concrete (a) mix M1 (made of chert) and
(b) mix M2 (made of flint).

6.5 Conclusions

'H portable NMR was used to study the alkali-silica reaction in concrete. 3 types of aggregates,
namely chert, flint and limestone were incorporated into mix designs. Concrete specimens were
subjected to accelerated aging conditions with external and internal sources of alkali at elevated
temperatures. The specimens were tested nondestructively using *H portable NMR over time.
Relaxation curves of unaged and aged concrete at various time intervals were compared to study
the moisture content of concrete to allow to study the effect of ASR in moisture uptake and water
transport in and out of concrete. Concrete containing reactive chert and flint experience
increasing moisture uptake as accelerated aging continues while concrete containing non-
reactive limestone seems to relatively unaffected in this regard. Relaxation times and their
distributions were also determined to investigate the effect of ASR gel formation and consequent
cracking on concrete pore system. Concrete made of chert seems to have a distinguished

relaxation time distribution. Compared to chert, concrete made of limestone seems to be
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unchanged over time and the relaxation time distribution does not vary significantly. The
modulus of elasticity decreases for concrete containing chert and flint while it remains relatively
constant for concrete made of limestone. The uranyl acetate treatment of concrete cross-

sections indicated the presence of ASR products, especially around coarse aggregates.
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7 NONDESTRUCTIVE EVALUATION OF FREEZE-THAW DAMAGE USING PORTABLE

NMR

7.1 General

The work presented herein covered application of a portable *H Nuclear Magnetic Resonance
device for nondestructive evaluation of concrete subjected to freeze-thaw cycles. Concrete
materials prepared with different aggregates and cementitious materials, with or without air
entraining agent, were exposed to accelerated freeze-thaw aging. They were subjected to 'H
NMR at testing at different stages of accelerated aging. The NMR relaxation decay curves, the
relaxation time distributions and other relaxation parameters were used to evaluate the effects
of freeze-thaw cycles on concrete microstructure and the associated water transport properties.
The NMR test data confirmed that air-entrained concrete made with aggregates of low porosity
experienced minimal damage after exposure to 450 cycles of freezing and thawing in water. Use
of fly ash as partial replacement for Portland cement did not compromise the freeze-thaw
durability of concrete. The NMR test data also confirmed that non-air-entrained concrete as well
as concrete made with porous aggregates were susceptible to freeze-thaw damage. The effects
of concrete deterioration under freeze-thaw attack on water transport processes were
investigated nondestructively using the NMR device. Comparisons were made between the
capabilities offered by NMR versus other nondestructive test methods for monitoring concrete
deterioration under freeze-thaw attack. A distinguishing feature of NMR relaxometry was found
to be its ability to monitor damage at a particular depth, and to quantify the extent of concrete

deterioration. The freeze-thaw damage to concrete microstructure was also evaluated via
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scanning electron microscopy in order to verify the trends established nondestructively via NMR

relaxometry.

7.2 Introduction

Freeze-thaw effects on concrete

The damage caused by repeated freezing and thawing of water can lead to deterioration of
concrete in cold climates. Degradation of concrete exposed to freeze—thaw cycles can be
categorized into surface scaling and internal crack growth [142]. Surface scaling, which is the loss
of cement paste or mortar from the surface, could lead to loosening of coarse aggregates in
extreme cases. Use of deicing chemicals exacerbates surface scaling. Various experimental
results have shown that the mass loss ratio due to scaling does not exceed 5% even after
prolonged freeze-thaw cycles [143]. Internal cracking under freeze-thaw cycles in the presence
of moisture results in disintegration and eventual total deterioration of concrete. Internal
cracking of concrete exposed to freeze-thaw cycles is caused by the accumulation of microcracks
due to stress buildup in concrete. The buildup of stress results primarily from partial freezing of
the concrete pore solution [103, 144], which prompts a tendency towards forceful redistribution
of water within the concrete pore structure [115]. Entrainment of concrete with fine, closely
spaced air voids reduces the extent of stress buildup under frost action by providing closely
spaced escape boundaries for the pressured water to enter air voids that remain partly empty
(of water) even in saturated concrete, thus relieving pressure and reducing the extent of freeze-

thaw damage
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Forceful water transport phenomena induced by the freezing of bulk water in larger capillary
pores is believed to be the primary cause of expansion in concrete under freeze-thaw attack
[145]. The theory proposed by Litvan [146] indicates that the rigidly held (physically bound) water
in C-S-H interlayers and in finer (0.5-5 nm) capillary pores cannot rearrange to form ice at the
normal freezing point of water because the mobility of water existing in an ordered state is rather
limited. Therefore, when a saturated cement paste is subjected to normal freezing temperatures,
water in larger cavities turns into ice (i.e., assumes a low-energy state) while the physically bound
water continues to exist as liquid water in a supercooled (high-energy) state. The thermodynamic
disequilibrium between water in different states forces migration of water from the high-energy-
state locations towards larger capillary pores and cavities where water has assumed a lower-
energy state via freezing. The continuous supply of water from gel and finer capillary pores
increases the volume of ice in larger capillary pores steadily until there is no room to
accommodate more ice. Any subsequent tendency for the supercooled water to flow toward the
ice-bearing regions would produce internal pressure, expansion and cracking of the system. It
should be noted that the moisture transport associated with frost action may not necessarily lead
to visible concrete deterioration (e.g., formation of visible surface cracks). Deterioration is
triggered when the rate of moisture transport is less than that demanded by the situation, and

accumulates under repeated cycles of freezing and thawing.

The goal of the work reported herein was to monitor water transport phenomena and their
impact on the concrete microstructure and health condition. In that respect, evaluation of the
state and the distribution of water molecules within the paste is crucial. Nuclear Magnetic

Resonance (NMR) is a nondestructive method that can provide this information. It is now well
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established that *H NMR measurements of proton relaxation times enable nondestructive
monitoring of the dynamic transport processes of water in concrete [71]. This technique also
enables evaluation of concrete porosity and pore size distribution [60, 68]; it can be used to gain

information on the mobility states of water in capillaries and gel pores [67].

NMR could be helpful in studying the water transport phenomena under freeze-thaw effects, and
the associated impact on the pore network of concrete. In this work, concrete specimens with
different raw materials and mix designs were prepared and exposed to freeze-thaw cycles in the
presence of water. NMR relaxation data were obtained nondestructively at different depths after
different periods of exposure to freeze-thaw cycles. Other nondestructive test methods involving
ultrasound pulse velocity (UPV) and dynamic modulus measurements were also used to
monitored concrete deterioration under freeze-thaw attack. The cross-sections of concrete
specimens exposed to cycles of freezing and thawing were evaluated via scanning electron

microscopy in order to gain further insight into the extent of concrete deterioration.

7.3 Experimental Program

Four groups of concrete specimens were prepared. The coarse aggregate type, presence of air-
entraining agent, and composition of the cementitious binder were varied in these four mixtures
(Table 30). Nine 3in x 6in (7.5mm x 15mm) cylindrical concrete specimens were fabricated and

cured per ASTM C192 with each mix design.

Table 30. Concrete mix designs.

Mix # Cementitious Binder Coarse Aggregate Type Air Entrained
M1 Type | Cement Limestone Yes
M11  Type |l Cement & Class F Fly Ash  Limestone Yes
M14  Type | Cement Limestone No
M23  Type | Cement Lightweight - Slag Yes
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The specimens were subjected to 28 days of moist curing via immersion in lime-saturated water.
They were then subjected to repeated cycles of freezing and thawing in water per ASTM C666.
For this purpose, the specimens were submerged in water where temperature varied between
4.4 and -17.8°C (40 and 0°F) in equally timed cycles. The cylindrical specimens were subjected to
NMR and other nondestructive tests after exposure to 65, 230 and 450 cycles of freezing and

thawing.

Nondestructive NMR relaxometry experiments were performed on concrete specimens in order
to capture the effects of freeze-thaw cycles on the concrete microstructure. The transverse
relaxation times (T2) was measured at different depths after exposure to freeze-thaw cycles. The
ultrasound pulse velocity and the dynamic modulus of concrete specimens were also measured
nondestructively in order to provide partial verification for the NMR test data. The weight and
volume changes of concrete specimens were also measured at different stages of freeze-thaw
attack in order to gain further insight into the effects of freeze-thaw cycles on concrete
specimens. At later stages of deterioration, sections were cut into the deteriorated specimens

for visual evaluation as well as optic and scanning electron microscopy.

7.4 Results and Discussion

7.4.1 \Visual observations

Examples of test specimens after exposure to 450 cycles of freezing and thawing in water are
shown in Figure 142. Specimens made with Mixes M1 and M11 exhibited light scaling; those
made with Mixes M14 and M23, on the other hand, experienced severe scaling. The scaled

regions of the specimen surfaces were avoided when NMR tests were performed.
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(b)

(c) (d)

Figure 142. Test specimens after exposure to 450 cycles of freezing and thawing: (a) Mix M1;
(b) Mix M11; (c) Mix M14; and (d) Mix M23.

7.4.2 NMR relaxometry

The relaxation decay curves for the concrete mixtures considered in this investigation were
obtained using the CPMG pulse sequence with 256 echoes and 1024 scans. The resulting
relaxation decay curves for all mix designs at different depths are presented in Figure 221. Mixes
M1 and M11 were prepared using air-entraining agent and low-porosity aggregates to endure
freeze-thaw cycles. The relative reduction of decay curves versus depth prior to aging (Figures

143a and 143c) is expected in these mix designs. The moisture content of concrete generally
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decreases with increasing depth, and the moisture left at smaller depths is less mobile. The decay
curves have a lower initial amplitude at lower depths. Similar trends with depth are observed in
the decay curves of Mixes M1 and M11 after 450 cycles (Figures 143b and 143d). The addition of
air entraining agent and the use of low-porosity aggregates seems to have kept the moisture
gradient almost unchanged throughout the depth. In contrast, mixes M14 and M23, that were
prepared to be susceptible to freeze-thaw attack (without air-entraining agent and with low-
porosity aggregates, respectively), exhibit different trends in relaxation decay curves. As noted
in Figures 143e and 143g, the initial amplitude and the rate of decay are similar to other mixtures
prior to accelerated aging. The moisture gradient in unaged condition seems to remain
unaffected throughout the depth by the measures taken to accelerate their degradation under
freeze-thaw attack. After exposure to freeze-thaw cycles, however, different relaxation patterns
are noted. This could be due the nature and the depth gradient of the damage caused by freeze-
thaw cycles, and corresponding effects on moisture gradient and the mobility of water at

different depths.

The relative change in the initial amplitude with depth for different concrete mixtures is shown
in Figure 144. The initial amplitudes are larger for Mixes M1 and M11 in aged versus unaged

specimens

Figure 144 shows the relative change in the initial amplitude of concrete with respect to depth.
The amplitude gradient after accelerated aging in Mixes M1 and M11 is smaller than and similar
to, respectively, to that before aging. In Mixes M14 and M23 which are susceptible to freeze-

thaw attack, however, the amplitude gradient with depth increases after aging.
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Figure 143. Relaxation decay curves of different concrete materials prior to and after
accelerated freeze-thaw aging.
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Figure 144. Relative change of amplitude with depth for: (a) Mix M1; (b) Mix M11; (c) Mix
M14; and (d) Mix M23.

T1 measurements

Determination of Ti is less prone to artifacts caused by water molecule diffusion in field
inhomogeneities, and may thus be considered suitable for investigating the freeze-thaw damage
in concrete [59]. The values of T1 measured at different depths for three specimens subjected to
various numbers of freeze-thaw cycles are presented in Figure 145. The general trends suggest a
gradual increase in T1 with the progress of freeze-thaw degradation. In order to check this
hypothesis, t-tests were performed on the T1 values measured after different freeze-thaw cycles.
T; values prior to exposure to freeze-thaw cycles (Var(1)) and after 230 cycles (Var(2)) were used

subjected to statistical analysis. The T-test yielded a p-value of 0.272, which is not excessively
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large to reject the null hypothesis of rise in in T1 under freeze-thaw cycles. However, the p-value
of 0.272 obtained at this level of freeze-thaw damage is still relatively large, and the test will be
repeated after application of further freeze-thaw cycles. The graph generated in t-test (Figure
146) points at a notable rise in the median value of T1 (compare the red and blue box plots). The
normal distribution of T1 values before and after damage, and the relative shift of the bell-curve

to higher T values after exposure to freeze-thaw cycles are also noteworthy.
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Figure 145. T1 values measured for concrete specimens (a) M23FT1, (b) M23FT2, (c)
M23FT3.
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Figure 145. (cont’d)
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Table 31. Summary of T: measurements.
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Figure 146. Two-sample t-test graph for measured values of T1 prior to and after deterioration
under freeze-thaw cycles.
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The NMR relaxation time distributions are presented in Figure 147. Two general trends are
observed in all relaxation time distributions regardless of the mix proportions. Two distinct peaks
are commonly observed for unaged specimens. One peak occurs around 1ms (pertaining to gel
pores and small capillaries), and the other is larger than 1ms (corresponding to large capillaries,
voids and microcracks). After exposure to freeze-thaw cycles, the second peak starts to diminish.
This phenomenon can be explained by the water transport processes associated with freezing
and thawing. During thawing, the gel pores are expected to take up water from capillaries and
external surfaces due to the gradient generated in water redistribution during freezing.
Additionally, a general shift in T, towards smaller values is observed. This trend corresponds to
saturation of small pores which in turn reduces the mobility water confined in these pores. This

shift is more pronounced for Mixes M14 and M23.
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Figure 147. Relaxation time distributions.
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The short and long relaxation times were obtained using a bi-exponential fit to the decay curve.
The relative change of each relaxation time with respect to depth are presented in Figure 148.
For Mixtures M1 and M11 which are freeze-thaw resistant, the relative changes in short and long
T, times with respect to depth are similar prior to and after aging. For Mixes M14 and M23 that
are susceptible to freeze-thaw damage, however, the short and long T, gradients with respect to
depth become steeper after aging. This trend seems to be the marker for identifying the freeze-
thaw deterioration of concrete via nondestructive NMR testing. It can be attributed to the rise in
the rate of moisture movement towards the surface due to the freeze-thaw deterioration of

concrete.
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Figure 148. The relative change in the short and long components of T, for different concrete
mixtures.

220



One-way Analysis of Variance (ANOVA) was performed to estimate the effects of the three levels
of freeze-thaw damage considered so far (i.e., control, 65 and 230 freeze-thaw cycles) on the
short component of T,. The resulting p-value for ANOVA was 0.2 (Table 43). Although the desired
value is 0.05, a p-value of 0.2 is relatively small and indicates a rather meaningful trend in the
freeze-thaw effects on the short component of T,. The calculated least squares means of T,
values, shown in Figure 149, suggests a decreasing trend of the short component of T, with the
progress of freeze-thaw damage. This drop in T2 could be because the drive for moisture
transport towards sites of ice formation subjects the water in gel pores to pressure, thus lowering

their entropy and the short component of T, which corresponds to gel pores.

Table 32. Outcomes of the analysis of variance of the short component of T2 measured after
different numbers of freeze-thaw cycles

Analysis of Variance

Source Type 1l SS df Mean Squares F-Ratio p-Value
DAMAGE_LEVELS(1) 0.166 2 0.083 1.724 0.200
Error 1.155 24 0.048

T2
I
I

0 | | |
Control 65cycles 230 cycles

Damage Level

Figure 149. Effects of the number of freeze-thaw cycles on the short component of T
(considering all three specimens and measurements made at different depths).
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The measured values of the large component of T, for all specimens and depths were also
subjected to analysis of variance in order to assess the effects of the number of freeze-thaw
cycles. Table 33 summarizes the outcomes of this analysis of variance. The resulting p-value of
0.403 indicates that freeze-thaw cycles do not significantly alter the large component of T,. Figure
150 shows a mean trend towards increasing values of the long T, component with progress of
freeze-thaw damage. The relatively large variations of the measurements made at each level of
freeze-thaw damage, however, undermine the statistical significance of this trend. This effect of

freeze-thaw cycles will be further assessed at more advanced levels of freeze-thaw damage.

Table 33. Outcomes of the analysis of variance performed at different levels of freeze-thaw
damage on the long component of T,.

Analysis of Variance

Source Type llISS df Mean Squares  F-Ratio p-Value
DAMAVE_LEVELS 87.402 2 43.701 0.945  0.403
Error 1,110.104 24 46.254

38 T

3T - -

N
Il

i | | |
Control 65 cycles 230 cycles

Damage levels

Figure 150. Effects of freeze-thaw damage on the long component of T».
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7.4.3 Ultrasound Pulse Velocity (UPV) and Dynamic Elastic Modulus

The velocity of ultrasonic pulse and the dynamic modulus of elasticity of concrete were also
measured in unaged condition and after 65, 230 and 450 freeze-thaw cycles. At least 3 specimens
were tested, and the results were averaged. Figures 151a and 151b show the changesin UPV and
elastic modulus, respectively, of different concrete mixtures with progress of freeze-thaw
damage. For Mixes M1 and M11, which were designed to resist freeze-thaw damage, the drops
in UPV and dynamic elastic modulus were minor and statistically insignificant. These trends were

more pronounced for Mixes M14 and M23 which were susceptible to freeze-thaw attack.

W Control @65 cycles 0230 cycles 450 cycles

M11 M14 M23

(a) Ultrasound pulse velocity (UPV)

3000
2500 }
2000

1500

E

= 1000
500

0

Ultrasonic pulse velocity

M1

W Control @65 cycles 0230 cycles 0450 cycles

M14

M23

40

30 E ]
20
10
0 L
M11

M1

Dynamic modulus of
elasticity (GPa)

(b) Dynamic elastic modulus

Figure 151. Effects of freeze-thaw cycles on UPV and dynamic elastic modulus.
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7.4.4 Scanning Electron Microscopy

Cross sections of concrete specimens subjected to 450 cycles of freezing and thawing were
examined using a scanning electron microscope. The interfacial transition zones, aggregates and
cement-paste were observed. The SEM micrographs are presented in Figure 152. SEM images of
Mix M1 showed minimal cracking. Figure 152a shows some of the microcracks found in
specimens made with Mix M1. These cracks are less than a few micrometers wide and 1mm long.
Minimal cracking was also observed in mix M11. The crack lengths and widths were of the same
size as in M1. In contrast, wide and long cracks were found in the non-air-entrained mix M14.
The cracks found in this case were at least 10 micrometer wide and a few millimeter long. Some
cracks were found to surround aggregates or run throughout the paste. Similar observations
were made, but to a lesser extent, for mix M23 that was air-entrained but made with porous
aggregate. The lack of air entrainment seemed to make a greater impact on the width and length
of cracks formed under freeze-thaw attack when compared with the use of aggregates of high

porosity.
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(b) Mix M11

Vac-High PC-High 10 kV x 30 e . MM Vac-High PC-High 10 kV x 50

Vac-High PC-High 10 kV x 40 Vac-High PC-High 10KV X 110 s 200 pim

(d) Mix M23

Figure 152. SEM images of different concrete materials after exposure to 450 freeze-thaw
cycles.
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7.5 Nondestructive NMR Testing at the Michigan Department of Transportation

Michigan Department of Transportation (MDOT) receives aggregates from quarries to perform
tests for evaluating their quality versus the MDOT, AASHTO and ASTM specifications. MDOT has
been supportive of this research, and has provided us with access to their facilities for testing
purposes. In the latest testing at MDOT, three freeze-thaw beams (Figure 153) were evaluated
using a portable NMR. These prismatic (16” by 4” by 4”) beams were made with different
aggregates received by MDOT. The beams have been subjected to freeze-thaw cycles over a one-

month period.

(b)

Figure 153. The beams subjected to freeze-thaw cycles by the Michigan DOT.
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The beams were saturated in water for 24 hours prior to NMR testing. The NMR experiments
(Figure 154) measured the relaxation decay curves, the relaxation time distribution, and the self-

diffusion coefficient. These measurements were made at 2, 4 and 6mm of depth.

Figure 154. NMR testing of freeze-thaw beams at the MDOT facility.

Figure 155 presents the relaxation decay curves of beams at depths of 2, 4 and 6mm. The initial
amplitudes for beams ‘41-148" and ‘82-019’ decreased with increasing depth. The initial and
secondary rates of relaxation seem to be unaffected by depth. The initial amplitudes for beam
‘58-011" were rather similar at different depths. Additionally, the secondary rate of relaxation
decreased with increasing depth. Based on the trends established previously, we can assume that
beam ‘58-011" experienced more deterioration under freeze-thaw cycles when compared with

the other two beams.
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(c) Beam ’'82-019’
Figure 155. Relaxation decay curves of the beams subjected to freeze-thaw cycles.

The relaxation time distributions were obtained via inverse Laplace transformation of the decay

curved in order to produce further insight into the presence and extent of damage. The resulting
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relaxation time distributions are presented in Figure 156. Figures, 156a and 156¢c show minimal
shift in T, and amplitude with respect to depth. The shift in the second peak for beam ‘58-011’
(Figure 156b) seems, based on the trends established previously, to be affected the most by
freeze-thaw both in amplitude and shift. The amplitude of the first peak in Figure 156b has
decreased significantly at 6mm depth. To confirm these observation, the short and long T

components were obtained using the relaxation decay curves.
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(a) Beam ’41-148’
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(b) Beam '58-011’

Figure 156. Relaxation time distributions of the freeze-thaw beams.
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Figure 156. (cont’d)
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(c) Beam ’82-019’
The short and long components of T, were obtained at different depths (Figure 157). The short
value of T, seems to remain constant (i.e., unaffected by freeze-thaw cycles) in all three beams.
The long component of T2, however, increased significantly with increasing depth for beam 58-
011 (Figure 157b). The increase in long T, with depth, based on the trends established earlier,
provides an indication of freeze-thaw damage (microcracking, etc.) that increases the
accumulation of water in capillaries and microcracks. For better understanding of widening of
microcracks and capillaries, the self-diffusion coefficient of water was also measured at different

depths.
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(c) Beam ’82-019’
Figure 157. Relative changes in the short and long components of T> with depth.

The absolute value of the self-diffusion coefficient (D) is significantly larger for the beam ‘58-011’

(Figure 158b) when compared with beams ‘41-148’ (Figure 158a) and ‘82-019’ (Figure 158c). In
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the case of beam ’82-019’ (Figure 158c), D is relatively large (about 0.2 m?/s) at 4mm depth,

which could point at local damage at this depth.
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Figure 158. Self-diffusion coefficient for beams subjected to freeze-thaw cycles.
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The measured values of dilation for the beams exposed to freeze-thaw cycles, and the short and
long values of T, measured via NMR relaxometry are plotted in Figure 159. Beam ‘58-011’ dilated
the most (about 0.15 inch) compared the other two beams. The average value of the large T»
value was also the highest for this beam, pointing at the greater freeze-thaw deterioration
experienced by this beam. This finding is also confirmed by the relaxation decay curves and the

T, distributions obtained nondestructively via NMR relaxometry.

82-019 ||
@ Dilation (in)
58-011 |
41-148 ||
0 0.05 0.1 0.15
(a) Dilation
O Large T2 (ms)
82-013 @ Short T2 (ms)
I
58-011 N
41148 F‘
0.00 5.00 10.00 15.00

(b) Short and long components of T,

Figure 159. Measured values of dilation, and average values of the short and long
components of T,.
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7.6 Conclusions

The use of a portable NMR relaxometer towards nondestructive identification and quantification
of the freeze-thaw deterioration of concrete was demonstrated. NMR relaxometry was found to
provide insight into the damaging effects of freeze-thaw cycles, and the consequent changes in
the moisture transport attributes of concrete. Moreover, the depth profiling capability of
portable NMR proved to be a valuable feature for identifying the freeze-thaw deterioration of
concrete. For concrete mixes prone to freeze-thaw damage, relaxation decay curves suggested
that the moisture gradient with respect to depth remained unaffected by exposure to freeze-
thaw cycles. The measured value of the initial amplitude at the concrete surface, however, was
larger after exposure to freeze-thaw aging and decreases into depth. This could be due the
surface microcracks formed under freeze-thaw cycles, and the moisture gradient formed as a
consequence. The relaxation time distributions pointed at an increasing shift towards smaller
relaxation times which correspond to the saturation of small pores where water resides largely
in a confined and less mobile state. This shift was more pronounced for concrete mixtures that
were more susceptible to freeze-thaw attack. Both short and long T, values remained constant
with respect to depth for mixes that were resistant to freeze-thaw attack, while they changed
with respect to depth for mixes that were susceptible to freeze-thaw attack. The relative change
in the short and long components of the relaxation time with respect to depth also pointed at

the value of this gradient as an indicator of the freeze-thaw deterioration of concrete.

Although UPV and dynamic modulus of elasticity showed a drop in integrity of concrete under
freeze-thaw attack, the corresponding trends were not as strong as those in NMR signals. They

also did not produce the multitude of signals that reflected on various damage phenomena and

234



consequences under freeze-thaw attack. Scanning electron microscopic observations confirmed
that the extent of damage was greater in concrete materials that were designed to be more

susceptible to freeze-thaw attack.

Moreover, nondestructive NMR relaxometry/diffusometry tests were performed on prismatic
concrete beams prepared with different aggregates, and subjected to freeze-thaw cycles by the
Michigan DOT. Relaxation decay curves indicated that for two of the three beams the initial decay
amplitude decreased with respect to depth. The initial and secondary rate of relaxation were
unaffected by depth. For the third beam, however, the initial amplitudes were almost constant
at different depths. Additionally, the secondary rate of relaxation decreased with respect to
depth. Based on the trends established previously, the NMR test data indicate that the third
beam experienced more freeze-thaw damage than the other two beams. The short value of the
transverse relaxation time (T2), measured nondestructively via NMR relaxometry, was constant
with respect to depth in all three beams. The long value of T, however, increased significantly
throughout the depth for the third beam. The increase in long T, is, based on the trends
established earlier, an indicator of microcracking and pore widening under freeze-thaw cycles,
which leads to further accumulation of water in capillaries and microcracks. In parallel, the
absolute values of self-diffusion coefficient are the largest for the third beam. The values of
dilation resulting from exposure to freeze-thaw cycles, measured by the Michigan DOT,
correlated well with the nondestructive NMR test data. The third beam, which experienced more
freeze-thaw damage per NMR test results, also experiences the greatest dilation under exposure

to freeze-thaw cycles.
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8 NONDESTRUCTIVE NMR EVALUATION OF THE DAMAGING EFFECTS OF

CARBONATION ON CONCRETE

8.1 Abstract

Concrete exposed to air of moderate relative humidity experiences carbonation which have
adverse effects on the dimensional and chemical stability of the hydrated cement paste, and its
ability to protect reinforcing steel against corrosion. Various factors, such as diffusivity and use
of pozzolans, influence the rate and extent of carbonation of the hydrated cement paste in
concrete. The NMR nondestructive test method could provide easy and rapid information on the
evolution of concrete microstructure as it undergoes carbonation reactions. In this chapter, NMR
relaxometry and diffusometry measurements were performed on concrete materials exposed to
accelerated carbonation effects. Corroborative (UPV and dynamic modulus) nondestructive tests
were also performed in order to substantiate the NMR test results. Scanning electron microscope
images of control and aged specimens were also obtained in order to assess effects of
carbonation on the microstructure of concrete, and to produce information that could support

the nondestructive NMR measurements.

8.2 Carbonation of Concrete

The hydrated cement paste is prone to carbonation reactions in air at moderate levels of relative
humidity. The carbon dioxide in air dissolves in pore solution; the resultant carbonate anions
react with the calcium cations in the pore solution, and precipitate calcium carbonate with very

low solubility [147]. Carbonation attack initially takes place on calcium hydroxide which has some
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solubility; it can eventually extend to calcium silicate hydrate when the integrity of the hydrated
cement paste would be compromised. There are shrinkage movements associated with
carbonation. The alkalinity of pore solution would also be lowered as a result of carbonation,
which compromises the ability of the hydrated cement paste to protect the embedded steel

against corrosion.

Carbon dioxide currently constitutes 0.04% of the Earth’s atmosphere [148]. Gaseous CO; cannot
react directly with cement hydrates. The CO; gas must first dissolve in water and form carbonate
anions which react with the Ca ions of the pore solution. The type of carbonate ions formed in
water depends on the pH of the pore solution. When CO, comes into contact with water at
neutral pH, it forms bicarbonate. The pH of pore solution in concrete, however, is high; as a result,
bicarbonate dissociates and forms carbonate ions [149]. Hence, after some period of
carbonation, bicarbonates can form near the surface where pH has dropped as a result of
carbonation. Inside concrete, where carbonation has not progressed, carbonate ions would be
more prevalent in the concrete pore solution. The calcium carbonate formed as a result of

carbonation reactions in concrete generally comprises calcite and vaterite [150, 151].

The carbonation process in concrete can be described by the following chemical equations [149]:

1. COz(g) + H20 = HCO3™ (bicarbonate ion) + H*

2. HCO3™ = CO3?™ (carbonate ion) + H*

The carbonate ion will react with the Ca ions in the pore solution:

3. Ca%*+ C0O32™ = CaCOs3
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This will yield a lower concentration of Ca%* which in turn causes dissolution of primarily calcium

hydroxide (CH) (solubility of carbonate crystals is much lower than that of CH):

4. Ca(OH)2= Ca?* + 20H (solubility 9.95 x 10%)

5. Ca?* + CO3%™ = CaCOs (solubility 0.99 x 10%)

Carbonation of concrete can be deleterious because: (i) it induces near-surface shrinkage which
can produce restrained shrinkage microcracking/cracking; (ii) it lowers the pH of the concrete
pore solution [152] which compromises the protective role of concrete against corrosion of
reinforcing steel [153-155], and also it compromises the chemical stability of cement hydrates.
At the same time, carbonation can yield some positive effects associated with the densification

of concrete and blocking of its capillary pores.

Carbonation starts from the surface of concrete, and penetrates deeper over time at a rate that
is proportional to the square root of time. For a moderate relative humidity, the depth of
carbonation reaches about 1 mm after about one year for concrete that has a dense
microstructure and a low diffusivity (i.e., a low water/cement ratio). The depth of carbonation
after one year in moderate humidity can reach 5 mm for concrete of high diffusivity (i.e., high

water/cement ratio).

8.3 Materials and Methods

Four concrete mixtures with different strength levels, cementitious binder compositions and

chemical admixtures (Table 34) were used in carbonation experiments
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Table 34. The concrete mix proportions used in the carbonation experiments.

Coarse Cure/Surfa
Mix # Mix Design Cementitious Binder Aggregate Chemical Admixtures
ce Treat
Type
1 Normal- Type | Cement Limestone Air-Entr. Agent Moist/Non
Strength e
N I- Moist/N
11 orma Type | Cem & Class F Fly Ash Limestone Air-Entr. Agent oist/Non
Strength e
16 High-Strength Type | Cement & Class F Fly Limestone AEA & HR Water- Moist/Non
Ash Reducer e
19 High-Strength Type | Cem & Silica Fume Limestone AEA & HR Water- Steam/Non
Reducer e

ATS Auto Flow carbonation chamber (Figure 160) was used to accelerate carbonation of concrete
specimens. Figure 161 shows the schematics of the accelerated carbonation test setup. The
relative humidity of the system was maintained using a dehumidifier. A timer is used to control
the system operations. The timer switches the system on for 15 min, and off for 15 min. This
maintains a relative humidity at 65+5%. Temperature of the system was maintained at 20+2°C.
A pressure regulator mounted on the CO:supply tube was used to control the pressure inside the
accelerated carbonation chamber. The CO; concentration of the chamber was fixed at 1%.
Concrete specimens were placed in the chamber, and were exposed to 1% CO; environment. This
is a relatively low concentration when compared with the alternative accelerated carbonation
test methods used in the literature. After 1 month, the concrete specimens were removed from
the chamber for testing. The extent of carbonation, however, was found to be minor. As a result,
the accelerated test method proposed by Atis [156] was implemented. In this method, a standard
cylinder containing 5% CO2and 20% O: Nitrogen supplies gas to the test chamber. The following

steps were taken to implement this procedure [156]:

1. Start with the apparatus full of air at ambient condition;
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2. Pressurize with the CO:-containing gas blend by running pump to reach 2.5% CO:at 1

bar above ambient, then release the pressure through vent to reach the ambient level;
3. Repeat Step 2 to reach 3.75% CO:at ambient condition;
4. Repeat Step 2 to reach 4.375% CO:at ambient condition;

5. Pressurize to reach approximately 4.70% CO:at 1 bar above ambient.

6. Pressurize to reach approximately 20% CO:at 1 bar above ambient.

Figure 160. Carbonation test chamber.

The accelerated carbonation test was initiated for concrete specimens of 14, 28 days and 3

months of age. The specimens removed from the curing chamber were placed directly in the
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accelerated carbonation chamber. Surfaces of the moist-cured concrete specimens were dried
prior to placing them in the carbonation chamber. Air-dried specimens were also placed in the
carbonation chamber together with the specimens that were transferred to the carbonation
chamber immediately after moist curing. Exposure of the concrete specimens to accelerated
carbonation was continued for two weeks. Subsequently, the specimens were removed from the
carbonation chamber, and the depth of carbonation was measured by treating the surface of a
freshly broken concrete cube specimen with a pH indicator that was a 1% solution of
phenolphthalein in water. In this test, the non-carbonated part of the specimen, where concrete
was still highly alkaline, a purple-red coloration is obtained; no coloration occurs in the
carbonated part of the specimen where alkalinity has dropped [156]. 'H NMR relaxometry and
diffusometry as well as the corroborative nondestructive tests were performed on specimens

after different exposure intervals.
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Figure 161. Schematics of the accelerated carbonation test set-up [156].

8.4 Results and Discussions

8.4.1 NMR relaxometry

Nondestructive NMR relaxometry and diffusometry tests were performed on concrete
specimens made with the mix proportions introduced in Table 34 prior to and after accelerated
carbonation. The T, relaxation (decay) curves were obtained using the CPMG pulse sequence
(Figure 162). The initial (maximum) relaxation amplitude was observed to decrease with

increasing depth. This trend was more pronounced for Mixes M1 and M11 (in Table 34) when

compared with Mixes M16 and M19.
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Figure 162. Relaxation decay curves of concrete mixtures (a) M1, (b)M11, (c) M16, and (d)

M19.
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In order to compare the trends in the drop in maximum (initial) amplitude with depth for
different mixtures, the initial (maximum) amplitude (normalized with respect to the surface
amplitude) was plotted versus depth, as shown in Figure 163. These trends confirm that the
maximum decay amplitude decreases in all concrete mixtures with respect to depth. This could
be attributed to the drop in concrete porosity with depth, which reduces the moisture content
of concrete and thus the amplitude of the NMR signal. In addition, the porosity and moisture
content of concrete depends upon the dep the water-to-cement ratio, max aggregate size and
other parameters of the concrete mix design. Additionally, external factors such as physio-
chemical phenomena associated with deterioration mechanisms could impact the porosity of
concrete and thus its moisture content in saturated condition. The blue curves (prior to
accelerated carbonation) in Figure 163 clearly point at the drop in maximum amplitude in call
cases. The rates of drop are observed vary between different mix designs. For normal-strength
concrete mixtures (M1 and M11), the maximum amplitude dropped by about 50%; this drop was
only 15-20% for high-strength concrete mixtures (M16 and M19). After accelerated carbonation
(red curves in Figure 163), the relative amplitudes experienced a greater drop with depth those
for control mixtures (not exposed to accelerated carbonation — blue curves). This could be at
least partly attributed to the microcracking of the concrete surface due to the internal restraint
of the surface carbonation shrinkage movements. Except for Mix M1, the drop in maximum
amplitude with depth occurs at a significantly reduced rate beyond 3 mm of depth. This could

suggest that the surface microcracks caused by carbonation shrinkage are about 3 mm in depth.
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Figure 163. Relative change of amplitude versus depth for concrete mixtures (a) M1, (b) M11,
(c) M16, and (d) M19.

The relaxation distribution curves obtained for all concrete mixtures are presented in Figure 164.
The T2 distributions of all specimens embody 2 distinct peaks: (i) between 0.1-1ms, corresponding
to gel pores; and (ii) between 1 to 10ms, corresponding to capillary pores. The T, values
exceeding 10ms are generally associated with the water present in larger voids and cracks. After
60 days of accelerated carbonation, when compared with the control (unaged) concrete, the

second (longer) peaks for all mixtures experienced drops in area and amplitude. An explanation
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for this observation is presented below.
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The carbonate may precipitate on the surface of the CH or in the pore solution depending on the
concentration of carbonate and calcium ions [157]. The most soluble phase among cement
hydrates is CH; it will thus be the first to dissolve and form calcium carbonate. If carbonate anions
move faster than Ca cations, calcium carbonate precipitates on the surface of CH crystals, forming
a shell around the CH that would hinder or slow down further carbonation reactions. If Ca?*
moves faster than carbonate anions, then CH would dissolve, and calcium carbonate would
precipitate as minute crystals within the capillary pore system. In this case, which is typical for
Portland cement pastes [149], the resultant carbonates would partially fill the capillary pore
system, resulting in overall densification of hydrates and reduction on their capillary porosity.
This seems to be case in the carbonation tests conducted here where the longer peak associated

with the capillary pore system is observed to decrease in amplitude and area.

Normal-strength concrete mixes M1 and M11 (Figure 164a-d) show more pronounced variations
with depth when compared with high-strength concrete mixes M16 and M19 (Figures 164e-h).
This phenomenon can be explained by the higher uniformity of the pore structure in high-
strength concrete when compared with normal-strength concrete. Lower water-to-cement ratios
and use of high-range water reducers produce a more homogenous pore network and less
variability in porosity. The homogeneity of the pore structure in high-strength concrete, however,
seems to be compromised near surface (first 2-3mm) after accelerated carbonation (Figures

164f-h).

Moreover, with slow diffusion of carbonate anions, the near-surface C-S-H could consume all the
inward-diffusing carbonate ions before they can penetrate further to react with CH deeper inside

concrete. This phenomenon produces a rather distinct carbonation front. Occasionally, a double
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carbonation front can be observed where carbonation of CH forms an inner front, and
carbonation of C-S-H forms an outer front. This seems to be common at lower humidity
conditions where the rate of carbonation can be high (because water is less available in capillary
pores to reduce the diffusion rate of carbon dioxide into the concrete depth) [149]. One can thus
presume that calcium carbonate would precipitate close the C-S-H and affect the gel porosity.
This phenomenon could explain the differences observed in Figure 5 in the first (shorter) peak
between the control (unaged) concrete and the concrete subjected to 60 days of accelerated

carbonation.
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Figure 164. The relaxation time distributions for concrete mixtures (a) M1, (b) M11, (c) M16,
and (d) M19.
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Carbonation promotes the dissolution of CH and, in advanced stages (achieved here in
accelerated carbonation) disintegration of C-S-H which disturbs the gel pores. Moreover, the
reaction of calcium cations with carbonate anions leads to precipitation of calcium carbonate in
capillary and possibly gel pores. This would produce less porous structures. Figure 165 compares
the effects of accelerated carbonation and depth on the T, values at the short peak which
corresponds to gel pores (and smaller capillary pores). Once again, the high-strength concrete
mixtures M16 and M19 (Figures 165c and 165d, respectively) are observed to produce more
homogenous gel (nano) pore systems with respect to depth. In normal-strength concrete
mixtures M1 and M11 (Figures 165a and 165b, respectively), on the other hand, the short T;
values dropped by 40% at 4-6 mm depth (versus the corresponding surface values). Accelerated
carbonation (aging) reduced the shorter peak at 4-6 mm depths. This was true for high-strength
concrete materials (10-20% drop) and especially for normal-strength concrete materials (about
50% drop). One can attribute this trend to the densification effects of carbonation at 4-6 mm

depth which produce finer pore systems.
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Figure 165. Relative changes of short T2 with accelerated carbonation and with age for
concrete mixes (a) M1, (b)M11, (c) M16, and (d) M19.

As shown in Figure 166 and 167, the decreasing trend was found to be significant (with a p value
of 0.032 in ANOVA). Furthermore, large Ts seem to be decreasing slightly; ANOVA, however,
returned a p-value of 0.6 which indicates a non-significant change in large T2s. This is not

surprising as carbonation reactions start in very small pores, and largely influence the nano- and

micro-pore systems of concrete.
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T1 measurements were also made for all concrete mixtures prior to and after accelerated
carbonation. The results are presented in Figure 168. When considering the general trends for all
mixtures, the variation of T1 with respect to depth was smaller for concrete materials exposed to

accelerated carbonation when compared with the control (non-exposed) concrete materials.
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Figure 168. Relative change on T1 (a) M1, (b)M11, (c) M16 and (d)M19.

Ty values of all specimens were collected over time at different depths. The measured values of

Ty with respect to depth are plotted in Figure 168. These results indicate that at 10mm depth T

changes more dramatically compared to 5 and 15mm depths. This finding suggests that

precipitation of calcium carbonates is occurring at a faster rate at 10mm depth from the surface.

Two-sample paired t-test was also performed on Ti values before and after accelerated

carbonation. T-test yielded a p-value of 0.038, suggesting a significant increase in T1 due to the

carbonation effects on pores. The shifts in normal distribution and box plots in Figure 169 confirm

this trend.
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Figure 169. Normal distribution and box plot of T1 values.

Table 35. Two-sample paired t-test Table.

. . 95.00% Confidence Interval
Variable Mean Difference o o t df p-Value
Lower Limit  Upper Limit

VAR(1): Control
VAR(2): After 14 days

-1.756 -3.401 -0.11 -2.262 15.965 0.038

The coefficient of self-diffusion (D) was also measured, and the results are presented in Figure
170. Carbonated normal-strength concrete materials (M1 and M11 in Figures 170a and 170b)
exhibited a significant (about 80%) drop in the D values at longer depths, compared to only 20%
for carbonated high-strength concrete materials (M16 and M19 in Figures 170c and 170d). The
denser structure and better barrier qualities of high-strength concrete materials make them less
prone to carbonation and the corresponding effects and the pore network and the concrete

microstructure.
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Figure 170. Relative change of self-diffusion coefficient (D) with respect to depth prior to and
after accelerated carbonation for concrete mixtures (a) M1, (b)M11, (c) M16, and (d) M19.

8.4.2 UPV and dynamic modulus

Carbonation, especially in extreme conditions (such as in the accelerated conditions considered
here) slightly increases the strength of concrete. This is because CaCOs occupies a greater volume
than Ca(OH);, which reduces the porosity of carbonated (surface) layers in concrete [149]. As
shown in Figure 171a, there is a minor (and statistically insignificant but consistent) trend
towards increasing ultrasound pulse velocity (UPV) with carbonation. The same is true for the

dynamic modulus test results presented in Figure 171b. These results are in agreement with the
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outcomes of previous studies which have shown an increase of elastic modulus due to

carbonation [158, 159].
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Figure 171. (a)Ultrasound pulse velocity (UPV) and (b) dynamic elastic modulus test results
for different concrete materials exposed to various periods of accelerated carbonation.

8.4.3 Scanning electron microscopy

Scanning electron microscope (SEM) images of concrete cross-sections were obtained for
concrete mixtures M1 and M19 prior to and after accelerated carbonation. When compared with
the normal-strength concrete mix M1 (Figures 172c, d), the high-strength concrete mix M19
(Figures 172a, b) exhibited a denser microstructure both prior to and after accelerated
carbonation. Accelerated carbonation of the high-strength concrete produced minor
microstructural changes (Figures 172a, b). More geometrically defined could be identified after
carbonation, which is probably due to the formation of crystalline carbonate structures. More
microstructural changes resulted from accelerated carbonation of the normal-strength concrete

(Figures 172c, d).
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Figure 172. SEM images of the high-strength concrete mix M19 (a) control, (b) carbonated,
and normal-strength concrete mix M1 (c) control and (d) carbonated.

8.5 Conclusions

Portable NMR was used to monitor the progress of accelerated carbonation in different normal-
and high-strength concrete materials. Concrete specimens were test via NMR prior to and after
exposure to CO; gas; the relaxation and diffusion parameters of concrete were measured. Under

carbonation effects, carbonates precipitates as minute crystals in the capillary pore system,
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causing a partial filling of pores and thus densifying the hydrated cement paste. The shift in the
initial amplitude of the relaxation decay curve (which represents hydrogen density) and the
relaxation time distributions (that reflects upon the pore size distribution) were compatible with
this established trend in carbonation effects on the concrete microstructure. Accelerated
carbonation lowered the long peak in T, distribution which is associated with the larger capillary

pores that tend to be partially filled with the products of carbonation reactions.

Moreover, the reaction of calcium cations released to the pore solution by cement hydrates with
carbonate cations leads to precipitation of calcium carbonate in the vicinity of gel pores and in
capillary pores. The short T, component of the transverse relaxation time distribution reflected

this effect of carbonation on gel and finer capillary pores.

The distinctions between the variations of pore systems for normal- versus high-strength
concrete as well as their different levels of susceptibility to carbonation produced distinct trends

in the NMR test data generated at different depths for normal- versus high-strength concrete.

The effects of carbonation on the corroborative nondestructive tests used in this investigation
(ultrasound pulse velocity and dynamic elastic modulus) were minor (statistically insignificant)
but consistent with the densification of cement hydrates under accelerate carbonation. Scanning
electron microscopic observation of the non-carbonated and carbonated concrete materials
could reveal the greater extent of carbonation effects on the hydrated cement paste

microstructure in normal-strength concrete when compared with high-strength concrete.
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9 SULFATE ATTACK IN CONCRETE STRUCTURES

9.1 Abstract

Concrete specimens were prepared and exposed to an accelerated aging environment to
simulate sulfate attack on concrete structures. NMR measurements were made prior to and after
exposure to accelerated aging conditions. Relaxation decay curves, relaxation time distributions,
and short and long components of the relaxation time were obtained by processing the NMR test
data in order to devise methodologies for nondestructive identification and evaluation of sulfate
attack on concrete via NMR relaxometry. Short and long components of the transverse relaxation
time (T2) as well as the T, distribution curve provide valuable information on the formation of
anomalies (such as gypsum and ettringite), water transport phenomena and exchange between
gel and capillary pores, and wet porosity of concrete. The NMR decay amplitude and the
information collected nondestructively on T, distribution were studied with respect to gradient
in depth in order to analyze the extent of sulfate attack on concrete. Corroborative
nondestructive (UPV and dynamic modulus of elasticity) measurements were also performed in

order produce supporting data for the findings of nondestructive NMR tests.

9.2 Sulfate Attack in Concrete Structures

Concrete structures are vulnerable to attack by sulfate solutions. Although the coastal and
underground concrete infrastructure are most vulnerable [160], the transportation
infrastructure (foundations) have also been damaged by the sulfate that may be present in

groundwater [161, 162].
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Deterioration of concrete due to salt crystallization within pores has been investigated
extensively [163]. According to Scherer [164], concrete can be vulnerable to damage when salt
crystals grow from a supersaturated solution in its pores. This process has been described as a
physical attack on concrete; sulfate attack would also involve chemical interactions between
sulfate ions and the concrete hydration products [165]. The consequences of physical sulfate
attack on concrete are different from those associated with chemical sulfate attack; physical
sulfate attack leads to surface degradation phenomena similar to those caused by cycles of
freezing and thawing. Chemical sulfate attack usually results in expansion and cracking due to

the formation of ettringite and gypsum [166, 167].

Field experience with concrete exposed to sulfates suggests that concrete mainly suffers from
surface scaling caused by physical sulfate attack. Such damage is generally limited to the above-
ground portion of concrete, while the portion embedded in sulfate-rich soil, which is directly
exposed to chemical sulfate attack, is mostly found in intact condition [168]. The physical damage
process involves capillary rise and evaporation of the groundwater containing sulfates at above-
ground concrete surfaces, resulting in crystal growth in concrete pores and subsequent damage
[169-171]. Furthermore, Liu et al [172] performed a micro-analysis on concrete specimens after
8 months of exposure, concluding that in the upper part of concrete above the Na,SO4 solution,
damage initiated in the interfacial transition zone (ITZ) between paste and aggregate due to the
formation of ettringite and gypsum. Salt crystallization cannot occur on the paste surface in the
ITZ, but it was found on the aggregate surface after damage initiation due to chemical sulfate
attack. On the other hand, salt crystallization could occur in carbonated concrete. Additionally,

observation made by Irssar [173] clearly showed that deterioration was influenced strongly by
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the water/cement ratio and the CsA content of cement. Surface damage tends to be controlled
in the case of concrete with relatively low effective w/c ratio made with low-CsA-content cement.

Thaumasite was formed at the final stage of deterioration in the different sulfate environments.

Nevertheless, current standards that evaluate the performance of concrete under sulfate attack,
such as ASTM C1012 (Standard Test Method for Length Change of Hydraulic-Cement Mortars
Exposed to a Sulfate Solution) and CSA A3004-C8 (Test Method for Determination of Sulfate
Resistance of Mortar Bars Exposed to Sulfate Solution) only deal with the chemical aspect of

sulfate attack.

9.3 Materials and Methods

ASTM standards include two accelerated test methods for evaluating the performance of
hydraulic cement-based binders in sulfate-rich environments: (i) ASTM C452 Standard Test
Method for Potential Expansion of Portland Cement Mortars Exposed to Sulfate; and (ii) ASTM
C1012 Test Method for Length Changes of Hydraulic Cement Mortars Exposed to a Sulfate
Solution. Both these ASTM test methods have been subject of much criticism. Cohen and Mather
identified improvements in sulfate testing as a top priority, stating that “the current need for
reliably predicting long-term durability performance and service life that are based on short-term
accelerated tests is more than ever justified” [174]. Many researchers, including Mehta and Gjorv
(1974), Mehta (1975), Brown (1981), Cohen and Mather (1991), Idorn, et al. (1992), Mehta
(1992), and Tumidajski and Turc (1995), have expressed concern that existing accelerated test

methods do not adequately predict field performance [174-179]. Many of the criticisms relate to
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the specimen size, specimen curing, form of sulfate exposure, duration of test, and assessment

of resistance to sulfate attack via expansion measurements.

An example reflecting the inadequacy of the accepted test methods is described by Mehta et al.
[180]. Alite cements (CsS) tested per ASTM C452 exhibited minimal expansion because the
cements contained no C3A, and therefore would not produce ettringite upon exposure to sulfate
ions. However, after six years of curing, spalling occurred, and it was discovered that C-S-H had
converted to aragonite (CaCOs) and gypsum. The observed spalling was attributed to the
crystallization of gypsum caused by sulfate attack. It is important to note that the deteriorations
most often reported in the field are not caused by ettringite formation; they are due to the
decomposition of CH and C-S-H by sulfate ions to form gypsum, and conversion of these
hydration products into aragonite (presumably due to carbonation). Neither of the existing ASTM
test methods predicts this form of damage. Because both ASTM C452 and C1012 methods use
mortar bar expansion as a measure of sulfate resistance, only the ettringite form of sulfate attack
is considered. The accelerated test method described by Mehta and Gjorv uses strength loss as
a measure of susceptibility to sulfate attack. Cracking caused by ettringite or gypsum formation
and ettringite expansion as well as loss of C-S-H will adversely affect compressive strength. Thus,
both forms of sulfate attack are considered when strength loss is used as the measure of damage

experienced during sulfate exposure.

9.4 Experimental Program

A schematic of the test apparatus used for exposure of concrete specimens to sulfate solution is

shown in Figure 173. Under the control of three pumps, sulfate solution circulates among two
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22.7-liter capacity polypropylene tanks. One of the tanks contains approximately 14L of sulfate
solution, and acts as a reservoir. Sulfate solution is pumped from the reservoir through chemical-
resistant polyethylene tubing. The pH of solution before it flows into the tank containing the
specimens is monitored. If the pH measures below 7.2, aliquots of 0.1N H;SO4 are added into the
reservoir tank. In the second 22.7-liter polypropylene tank, the specimens are arranged on a
mesh, which allows the solution to flow around them, increasing the potential for reaction
between the cementitious binder and sulfates. The sample tank contains approximately 19L of
sulfate solution. This test procedure maintains a constant pH because leaching of CH from the
paste can alter the pH of the sulfate solution [181]. In addition, Brown demonstrated that
controlling the pH through addition of sulfuric acid ensures that the sulfate ion concentration of
the solution remains constant over time [182]. The conditions provided in this accelerated test
method are more representative of field conditions because, unlike other accelerated test
methods, the sulfate concentration and the pH of solution remain constant, which is more

representative of field conditions.

«4— solution flow

electrical
connection

0.1N
H,S0, specimen
sulfate I tank
reservoir
metering
¢— pump
-

Figure 173. Schematics of the pH-controlled accelerated sulfate attack test apparatus [22].
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Three different concrete mixtures were aged and evaluated for sulfate resistance. These mixtures
are presented in Table 36; they cover different cementitious binder compositions, coarse

aggregate types, and surface treatments.

Table 36. Concrete mix designs considered in sulfate attack tests.

. . . Cementitious Coarse Chemical
Mix # Mix Design Binder Aggregate Type Admixtures Cure/Surface Treat
1 Normal-Strength Type | Cement Limestone Air-Entr. Agent Moist/None
Type | Cem &

11 Normal-Strength Limestone Air-Entr. Agent Moist/None

Class F Fly Ash

As described earlier, concrete specimens were immersed in a circulating 4 percent Na;SO4
solution maintained at a pH of 7.2. The sulfate solution with pH of 7.2 simulates sulfate attack
under the slightly acidic conditions typically present in field. Given that specimen dimensions as
well as concrete permeability affect ingress of sulfate ions into a concrete specimen, the
specimen dimensions were selected to maximize the surface-to-volume ratio, thus increasing the
potential for reaction with the sulfate solution. With a high surface-to-volume ratio, the test time
required to determine the susceptibility of cementitious binders to sulfate attack is reduced to
between four and nine weeks. The lower the surface-to-volume ratio, the less likely it is for the

sulfate ions to permeate throughout the specimen and react to cause strength reduction [22].

'H NMR relaxometry and diffusometry were performed on aged and unaged specimens for
identification and evaluation of sulfate deterioration mechanisms. Ultrasound pulse velocity
(UPV) and dynamic modulus measurements were also made in order to corroborate the NMR

test data.
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9.5 Results and Discussion

NMR relaxometry was performed on concrete specimens prior to and after accelerated aging.
The T, decay curve was obtained using the CPMG pulse sequence. A bi-exponential line was fitted
to the decay curve. The two dominant water-containing pores in concrete (gel and capillary
pores) appear as short and long T, peaks, respectively. Furthermore, by performing inverse
Laplace transform on the decay curve, the distribution of various T, values is obtained. Each T,
value corresponds to a certain pore size with its unique geometry and relaxation properties. Due
to the continuous nature of the pore network in concrete, T, distribution is also continuous. Short
and long T, as well as the T, distribution curve can provide valuable information on the transfer
of water between pores and voids in concrete, the wet porosity of concrete, the water exchange
between gel and capillary pore systems, and formation of anomalies (such as gypsum and

ettringite).

Figures 174 shows the T, distribution of concrete specimens prior to and after 60 days of
exposure to sulfate solution at various depths from the surface. The T, distributions of control
specimens revealed two distinct peak: (i) within the 0.1-1ms range corresponding to gel pores;
and (ii) within the 1-10ms range corresponding to capillary pores. T, values larger than 10ms
correspond to water in larger voids and cracks. For all specimens at all depths, the intensity of
the peak associated with gel pores decreased with progress of sulfate attack. The chemical
reactions associated with sulfate attack could be a factor. Depending on the cation type
associated with the sulfate solution (i.e., Na*, K*, or Mg?*), both calcium hydroxide and C-S-H
present among cement hydrates may be attached by the sulfate solution. The chemical attack on

calcium hydroxide can be expressed as follows.

264



Na2S04 + Ca(OH)2 + 2H,0 - CaS04.2H,0 + 2NaOH

Conversion of the gel pore water into gypsum chemically binds the free water into gypsum

molecules, and reduces their mobility.

Moreover, the intensity of peaks associated with capillaries also decreased with progress of
sulfate attack. This could be attributed to the formation of ettringite in capillaries and around
aggregates. Calcium hydroxide and alumina-bearing phases of hydrated Portland cement are
more vulnerable to attack by sulfate ions. On hydration, Portland cements with more than 5
percent C3A content will contain most of the alumina in the form of monosulfate hydrate,
C3A-CS--Has. If the C3A content of the cement is more than 8 percent, the hydration products will
also contain C3A-CH-His. Due to the presence of calcium hydroxide in hydrated Portland cement
paste, when a cement paste comes in contact with sulfate ions, both the alumina-containing
hydrates are converted to the high-sulfate form (ettringite, C3A-3CS--Hs32) as shown by the

following equations:

C3A.CH.Hig + 2CH + 3S + 11H - C3A.3CS.H

C3A.CS.H18 + 2CH + 2S + 12H - C3A.3CS.H

The transformation of free water in capillaries to the bound water in ettringite could be a key

factor in reduction of the intensity of peaks in cement paste.
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Figure 174. Relaxation time distributions of concrete mixtures M1 (a,b) and M11 (c,d)

The relaxation decay curves of concrete materials prior to and after sulfate attack are presented

in Figure 175. The initial amplitudes of these curves are presented in Figure 176 where the initial

amplitude is normalized with respect to the corresponding value at the concrete surface. For

both mixes in control and aged concrete, the initial amplitude decreased with increasing depth

as expected. The drop rates, however, was different in control versus aged specimens. While the

specifics of the trends seem to differ in concrete mixtures M1 and M11, both Figure 176a and

176b indicate that the trend in sulfate attack with depth reached a plateau at about 4-5 mm

depth.
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Figure 176. Initial amplitude versus depth for concrete mixtures M1 (a) and M11 (b).
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The short and long values of T, obtained from bi-exponential fit to decay curves indicated a
decreasing trend for both short and long T, components with depth (as shown in Figure 177 and
178). The stage of sulfate attack reached at the conclusion of accelerated tests is expected to
cause salt crystallization which alters the pore system. There is also a chance that attack extends
to C-S-H, producing gypsum and altering the gel pore structure. One-way analysis of variance
(ANOVA) was performed on the measured values of T in order to identify statistically significant
trends in the NMR test data. Probably due to the relatively short period of exposure in this
accelerated aging test, the effect of sulfate attack on the short values of T, was not statistically
significant (0.4 significance level). This observation points at the possibility that the extent of
sulfate attack in the accelerated aging condition considered here did not extend to the C-S-H (and
gel pore) structure. Conversely, large Tos seem to be increasing under sulfate attack, with
significance level of 0.04. The rise in the large T, value could thus be a statistically significant
marker of sulfate attack. It could have resulted from filling of smaller capillary pores via salt

crystallization which raises the remnant pore size and thus the T, value.
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(b).
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9.6 UPV and dynamic modulus of elasticity

The measured values of ultrasound pulse velocity (UPV) before and after exposure to sulfate
solution are presented in Figure 179a. In the early stages of deterioration, UPV seems to be
unaffected by sulfate solution. Work of other researchers also show that UPV does not detect
the damage in concrete specimens until advanced stages of sulfate attack are reached when the

signs of sulfate attack are visible [183].

The measured values of elastic modulus for concrete specimens are presented in Figure 179b.
Elastic modulus increased by about 5% for all specimens at the conclusion of the accelerated
approach to sulfate attack considered here. According to Roziere et al [184] elastic modulus is
not a sensitive indicator of damage at early stages of sulfate attack even if significant expansion
and damage can be observed. Lee et al. [185] and Sahmaran et al. [186] have found positive
effects of sulfate attack on mechanical properties before they finally decrease with further
progress of sulfate attack. This could be attributed to the pore-filling effects of salt crystallization

before expansive phenomena cause cracking of concrete under sulfate attack.
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Figure 179. UPV (a) and dynamic modulus (b) data for concrete mixtures M1 and M11,
measured at different stages of sulfate attack.

9.7 Conclusions

Concrete specimens subjected to accelerated sulfate attack were examined nondestructively via
NMR relaxometry. The transverse relaxation time distributions obtained by processing the NMR
test data were used to assess the size distributions and the prevalence of gel and capillary pores
in hydrated cement paste. For all specimens at all depths, the intensity of the peak associated
with gel pores decreased. Reactions involving calcium silicate hydrates could contribute to this
trend. Depending on the cation type associated with the sulfate in solution (i.e., Na*, K*, or Mg?*),
both calcium hydroxide and C-S-H present in the hydrated Portland cement paste could be
attached by the sulfate solution. In addition, for both concrete mixtures evaluated in unaged and
aged states, the initial amplitude decreased with increasing depth as a result of salt crystallization
within the pore structure. The rates, however, varied between unaged and aged concrete
materials. The trends seemed to differ in concrete mixtures M1 and M11. Sulfate attack was
found to produce a statistically significant rise in transverse relaxation times corresponding to

capillary pores, but not those corresponding to gel pores. This trend suggest that the accelerated
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aging conditions considered here did not reach advanced stages of sulfate attack where the C-S-
H structure is altered. Salt crystallization, however, produced statistically significant effects on
the capillary pore structure. The weak trends in the ultrasound pulse velocity (UPV) and dynamic
modulus test results confirmed that the sulfate attack levels reached here raised the UPV and
dynamic modulus of concrete, suggesting that the sulfate attack was still limited to the state of
filling pores via salt crystallization, and did not advance to produce expansive and phenomena

and notable chemical reactions.
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10 NONDESTRUCTIVE NMR EVALUATION OF THE CHLORIDE ION DIFFUSION AND

BINDING IN CONCRETE

10.1 Abstract

Research on chloride diffusion into concrete has largely focused on the corrosion of reinforcing
and prestressing steel in concrete. Chloride diffusion into concrete is accompanied with its
chemical binding with some cement hydrates. This phenomenon alters the physio-chemical
environment of water held in hydrated cement paste. Nondestructive NMR tests were conducted
in order to identify the trends in NMR signals which reflect upon these physio-chemical changes

brought about by chloride diffusion into concrete.

Concrete specimens with different types of aggregate, binder and surface treatment were
prepared and moist-cured. The specimens were exposed to sodium chloride solution. NMR
relaxometry and diffusometry as well as corroborative tests were performed on the specimens

at different time intervals.

Distribution of the transverse NMR relaxation time, T, can track the environment and mobility
of water, which can be affected by the formation of Friedel’s salt that is the product of chloride
chemical binding with some cement hydrates. Short and long T, values reflect the variations in
the binding condition of water resulting from changes in the physio-chemical environment of the
hydrated cement paste. Furthermore, the longitudinal relaxation time, T1, seems to capture the

role of cations in formation of Friedel’s salt.
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Other nondestructive measurements, ultrasound pulse velocity and dynamic modulus, seem to
exhibit some sensitivity to the evolution of the physio-chemical environment of concrete
associated with chloride diffusion and binding. Chloride diffusion was not accompanied with any

notable volume change, although minor trends towards weight gain were detected.

10.2 Chloride lon Diffusion and Binding

Concrete in various applications can be exposed to sources of chloride ions. These sources range
from deicer salt and seawater to some soils in arid/semi-arid regions and some accelerators.
Chloride diffusion into concrete can accelerate corrosion of steel, and also can bring about some
chemical changes of cement hydrates. Accumulation of chlorides and other salts resulting from
capillary sorption of salt solutions followed by evaporation of water can also produce salt crystals
with potentially deleterious (expansive) effects in concrete [187]. The mechanism of chloride-
induced corrosion of steel embedded in concrete, the ingress of chlorides into concrete, and the
threshold chloride content for corrosion of steel have been discussed thoroughly in the literature
[188-191]. The effects of chloride solutions on cement hydrates is also of practical interest [192,
193]. The results obtained by previous investigators were summarized by Biczok [194]; exposure
of cement hydrates to chloride containing solutions generally leads to the formation of calcium
chloroaluminate [195]. The present study is an attempt to elucidate some of the physical and
chemical processes involved in chloride diffusion and binding using NMR relaxometry and

diffusometry.

It has been suggested that the presence of sodium or potassium chloride solutions as well as

magnesium or calcium chloride solutions, at relatively low concentrations that do not induce
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formation of expansive chloro-hydroxide hydrates, can cause a loss of solid calcium hydroxide
from the hardened cement paste. This will increase the porosity and reduce the strength of
concrete. This phenomenon has been used to explain the relatively high diffusion rate of chloride
ions when compared with metal ions. Since the electric charge of concrete must be kept constant,
it has been suggested that diffusion of chloride anions into concrete is accompanied with
departure of hydroxyl ions from cement hydrates to compensate for the entry of excess
chlorides. This phenomenon is suggested to be more pronounced for magnesium chloride than

for potassium or even sodium chloride.

Smolczyk [196] performed tests involving storage of cube mortar specimens in saturated
solutions of sodium chloride. No visible signs of mortar deterioration were noted after two years,
but the compressive strength of Portland cement mortar was reduced to about 60% of the
strength obtained with the specimens stored in water. Mortar with blast furnace slag cement
incorporating 75% slag did not experience as much strength loss in similar tests. X-ray diffraction
analyses of mortar specimens pointed at the formation of sodium chloride crystals in specimens
immersed in saturated sodium chloride solutions. The crystalline phase 3CaO.(Al,Fe).03
.CaCl,.10H,0, referred to as Friedel’s salt, was also detected. The amount of Friedel’s salt was
greater after storage in saturated sodium chloride solution than in calcium chloride solution. The
formation mechanism of Friedel’s salt [197], its role in chloride binding [198], and its effect on

AFm phases [199] have been investigated.

Midgley and lllston [200] investigated the diffusion of chloride ions into hardened Portland
cement pastes with different water/cement ratios. They used solutions of sodium chloride at

different concentrations, and measured chloride ion penetration. A rise in water/cement ratio

274



accelerated the penetration of chloride ions. Other investigations involving X-ray diffraction
analysis have confirmed formation of Friedel’s salt (calcium chloro-aluminate
3Ca0.Al;03.CaCl,.12H,0) with diffusion of chloride anions into hydrated cement paste [201]. A
considerable amount of chloride may not be locked up in the crystalline phase. Instead, it may
be present as free chloride ions in fine capillaries, or may bind into the calcium silicate hydrate

lattice.

10.3 Materials and Methods

Two different test methods were used in this investigation. The AASHTO T259 test (commonly
referred to as the salt ponding test) is a long-term experiment for measuring the penetration of
chlorides into concrete. This test requires three concrete specimens that are at least 75 mm (3
in) thick, and have a surface area of 300 mm? (~ 0.47 in?). These specimens are moist cured for
14 days, and then stored in a drying room at 50 percent relative humidity for 28 days. The sides
of specimens are sealed but the bottom and top faces are not. After the conditioning period, a
3% NaCl solution is ponded on the top surface for 90 days, while the bottom face is left exposed
to the drying environment (Figure 180). There is difficulty, however, in determining what the
results mean. This is partly due to the complicated testing conditions, discussed in the following,
and partly due to the crudeness of the evaluation. McGrath et al [202] re-evaluated this test
method, and concluded that it can be improved by using a depth of penetration approach rather

than an integral chloride content, and by limiting the transport process to diffusion only [202].
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Figure 180. AASHTO T259 test setup [203].

The bulk diffusion test (NordTest NTBuild 443) has been developed to overcome some
deficiencies of the salt ponding test for measurement of chloride ion diffusion. Though not the
first of similar tests, the NordTest is the first formally standardized version of the bulk diffusion
test. It is distinguished from the salt ponding test by the sample’s initial moisture condition.
Instead of being dried for 28 days as with the salt ponding test, the test specimen is saturated
with limewater. This prevents any initial sorption effects when the chloride solution is
introduced. Also, instead of coating just the sides of the sample and leaving one face exposed to
air, the only face left uncovered is the one exposed to a 2.8 M NaCl solution (Figure 181). It is left
this way for a minimum of 35 days before evaluation [204]. To evaluate the sample, the chloride
profile of concrete is determined by mounting the sample in either a mill or lathe with a diamond
tipped bit. The sample is kept level so that the axis of advance of the bit is perpendicular to its
surface. A pass is made at each depth to grind the concrete sample into dust, which is then

collected. This is repeated at different depths, with depth increments on the order of 0.5 mm.
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Figure 181. Nordtest setup [203].

10.4 Experimental Program

Both test methods described in previous section were evaluated, and finally NordTest (Figure
259) was selected as the primary test procedure. Four different concrete mixtures were aged and
evaluated for chloride ion diffusion (Table 37). These mixtures cover different cementitious

binder compositions, admixture types, curing conditions, and concrete strengths.

Table 37. Mix designs and curing conditions considered in the chloride diffusion tests.

Mix # Mix Design Cementitious Binder Coarse Aggregate Che.mlcal Cure/Surface
Type Admixtures Treat
1 Normal-Strength Type | Cement Limestone Air-Entr. Agent Moist/None
T | | F
11 Normal-Strength ype i;‘lic ass Limestone Air-Entr. Agent Moist/None
. Type | Cement & . AEA & HR .
16 High-Strength Class F Fly Ash Limestone Water-Reducer Moist/None
. Type | Cem & Silica . AEA & HR
1 High- h L N
9 igh-Strengt Fume imestone Water-Reducer Steam/None

'H NMR relaxometry and diffusometry tests were performed on specimens subjected to chloride
ion diffusion and also on control concrete specimens. The results were used to identify the effects
of chloride ion diffusion on the nondestructive NMR test results. UPV and dynamic modulus tests

were also performed to support NMR measurements.

277



10.5 Results and Discussions

The relaxation decay curves for different concrete materials are presented in Figure 182. Figure
183 displays the change in initial amplitude with depth. For all concrete mixtures in control and
aged condition, the initial amplitude decreased with increasing depth, which reflects upon the
moisture and porosity gradients with respect to depth. The rate and trend of this change,

however, vary for different concrete materials and state of chloride diffusion.

The rates of decrease in initial amplitudes is slower in high-strength concrete materials M16 and
M19 (with lower diffusion coefficient) when compared with other (normal-strength) concrete
materials. The effect of chloride on mix M19 seems to be negligible whereas in the case of mix

M11 the initial amplitude drops by 50%.
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Figure 182. Relaxation decay curves for concrete mixtures M1 (a, b), M11 (c, d), M16 (e, f),
M19 (g, h).
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Figure 183. Relative change of amplitude with depth for concrete mixtures (a)M1, (b)M11,
(c)M16 and (d)M19.

Figures 184 shows the T, distributions for different materials prior to and after 90 days of
exposure to sodium chloride solution. The T, distributions of all specimens exhibits 2 distinct
peaks: (i) within 0.1 to 1ms, corresponding to gel pores; and (ii) within 1 to 10ms, corresponding
to capillary pores. Tzs larger than 10ms are associated with water in larger voids and cracks. The
intensity of the short peak reduces slightly with increasing depth in almost all cases while the
intensity and location of the second peak varies significantly for different concrete materials and
chloride diffusion states. The effects of chloride ion diffusion and Friedels’s salt formation on the

T, distributions are discussed in the following.
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Figure 184. Relaxation time distribution of (a) M1, (b) M11, (c) M16 and (d)M19.

In the presence of NaCl, binding of chloride ions to form Friedel’s salt can occur via either an

adsorption mechanism or an anion-exchange mechanism. In the adsorption mechanism, Friedel’s
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salt forms due to the adsorption of the bulk CI™ ions present in the pore solution into the
interlayers of principal layers, [Ca2Al(OH™)6.2H,0]*, of the AFm (Aluminate Ferrite mono)
structure, to balance the charge. In the anion-exchange mechanism, a fraction of the free-
chloride ions bind with the AFm hydrates (CsAH13 and its derivatives) to form Friedel’s salt via
anion-exchange with the OH™ ions present in the interlayers of the principal layer,

[Ca2Al[205]6.nH20]* [206].

Because of Friedel’s salt formation by the adsorption mechanism, an amount of Na* ions
equivalent to the adsorbed chloride ions (in moles) are removed from the pore solution to
maintain the ionic charge neutrality. The Na*ions thus removed from the pore solution bind with
the calcium silicate hydrate (C-S-H) gel lattice to balance the charge arising due to the
replacement of Si** ions by AI** and Fe3* ions. In contrast, the Friedel’s salt formation by the
anion-exchange mechanism involves release of OH™ ions from the AFm hydrates into the pore

solution, thereby increasing the pH of the pore solution [206].

An investigation conducted by Kalinchev et al [207] on Friedel’s salt showed that the mobility of
water molecules increases with formation of Friedel’s salt when compared with the case
involving chloride ions, whether chloride ions are adsorbed on the interlayers or the inner and

outer spheres of available surfaces.

The short and long T2, components derived via bi-exponential fitting to the decay curve indicate
a decreasing trend for the short T, component, supporting the trends noted by Kalinchev. One-
way ANOVA was performed on the measured T values to test the statistical significance of this

trend. Probably due to the relatively short period of exposure to salt solution, the decreasing
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trend was statistically significant at 0.09 p-value (but not at the commonly desired 0.05 level of

significance).
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Figure 185. Relative change of short T2 for concrete mixtures (a) M1, (b)M11, (c) M16 and
(d)M19 at different states of exposure to chloride solution.

The entry of saturated salt solution into capillaries and microcracks could raise the long
component of T,. Conte et al [208] investigated the effects of ions on the water structure using
low-field *H NMR, and concluded that sodium chloride acts as kosmotropes. lons (either cations
or anions) that are able to break the H-bond network among water molecular structure in the
first hydration shell, thus favoring formation of an ordered ice-like structure, are regarded as

makers or kosmotropes [209]. Upon charge density reduction, a decrease of the electrostatic
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force between ions and surrounding water occurs. This leads to stronger water—water H bonds
in the first hydration shell. As a consequence, less ice-like structured water is retrieved. In
addition, H bonds between water molecules in the first and in the outermost hydration shells are
weaker than in the case of high-charge-density ions. Again, as the distance from the ions
increases, water molecules regain their normal behavior, thus behaving as bulk water. Therefore,

due to the weaker bonds of locally restructured water, larger values of long T, are expected.

The long T2 components are shown in Figure 186. Although the significance level calculated in
statistical analysis of variance is 0.12 (compared to the desired significance level of 0.05),

nevertheless there is a notable increase in the median value of long T..
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Figure 186. Relative change of the measured values of long T> for concrete mixtures (a) M1,
(b)M11, (c) M16 and (d)M19 prior to and after exposure to chloride solution.
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The values of self-diffusion coefficient, D, measured for concrete materials ranged from 0.55 to
0.65 10 m?/s. After 60 days of exposure to chloride ion solution, D decreased consistently for all

concrete materials.

The measured values of longitudinal relaxation time T are presented in Figure 187. Two-sample
paired t-tests were performed on all T; values prior to and after 60 days of exposure to chloride
solution. The computed significance level was 0.34, indicating a statistically insignificant change

in T1 values after exposure to chloride ion solution.
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Figure 187. Relative change of T: for concrete mixtures (a) M1, (b)M11, (c) M16 and (d)M19
prior to and after exposure to chloride solution.
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10.5.1 UPV and Elastic Modulus Measurements

The measured values of ultrasound pulse velocity (UPV) prior to and after exposure to sodium
chloride solution are presented in Figure 188a. The measured values of UPV are rather insensitive
to chloride ion diffusion. The slight rise of UPV could be due to the deposition of salt crystals in
water saturated voids. Kawadkar et al [210] also showed that there is a no significant changes
UPV for concrete specimens exposed to 2.3 mol sodium chloride solution. The effects of chloride
ion diffusion on the measured values of dynamic modulus presented in Figure 188b were
statistically insignificant although a minor trend towards reduction of dynamic modulus with

chloride diffusion was noted.
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Figure 188. (a)UPV and (b) elastic modulus of carbonation mixes.

The measured values of weight and volume of concrete specimens pointed at the insensitivity

of these concrete attributes to chloride ion diffusion.

10.5.2 Scanning Electron Microscopy

SEM images of concrete prior to and after exposure to chloride ion solution are displayed in

Figures 189a and 189b, respectively. Figure 189b shows bright spots on aggregates and hydration
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products which are probably the compounds formed and deposited during the chloride diffusion
process into concrete. These bright spots are not visible in concrete prior to exposure to chloride

solution.

(a) (b)

Figure 189. SEM images of the concrete mix M1 (a) prior to and (b) after exposure to chloride
solution.

10.6 Conclusions

The effects of chloride ion diffusion into concrete on the nondestructive NMR test data were
evaluated. The results demonstrated the capabilities of a portable NMR relaxometer in detecting

chloride ion diffusion into concrete.

The measured values of transverse relaxation time, T,, showed that the mobility of water
molecules decreased with diffusion of chloride ions, with chloride ions adsorbed onto the
interlayer or the inner and outer surfaces of hydrates. Bi-exponential fitting to the T, decay curves
indicated a decreasing trend for the short T; values corresponding to the gel pores in cement

hydrates. The T, distribution test results suggested that the intensity of the peak corresponding

287



to gel pores decreased in almost all cases with chloride ion diffusion, while the intensity and
location of the peaks corresponding to capillary pores varied significantly for different concrete
materials prior to and after exposure to chloride solutions. In contrast, the values of longitudinal

relaxation time, T1, seemed to be insensitive to the diffusion of chloride ions.

The values of self-diffusion coefficient, D, measured for concrete materials ranged from 0.55 to
0.65 10 m?/s. After 60 days of exposure to chloride ion solution, D decreased consistently for all

concrete materials.

The measured values of ultrasonic pulse velocity and dynamic modulus of elasticity did not
exhibit statistically significant sensitivities to the diffusion of chloride ions. The UPV values
increased slightly, probably due to the deposition of salt crystals in voids. Conversely, the
measured values of dynamic elastic modulus decreased slightly. The measured values of weight
and volume of concrete specimens pointed at the insensitivity of these concrete attributes to

chloride ion diffusion.
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11 NUMERICAL AND ANALYTICAL STUDIES

11.1 Indirect Measurements of Concrete Porosity

Single-sided NMR has been used to measure the porosity and permeability of rocks by the oil and
gas industry. The work reported herein evaluated the capability of NMR as a nondestructive tool
for measurement of concrete porosity and barrier qualities. It should be noted that the pore
system of concrete is distinguished by the presence of a continuous capillary pore structure with

capillary sorption capability.

Distribution of the transverse relaxation time, T2, measured by NMR can be calibrated to reflect
the porosity of concrete, which is an important parameter associated with the quality and the
evolution of various damage mechanisms. The T, distribution measured via NMR relaxometry
also reflects upon the pore size distribution of cement hydrates. This distribution together with
the known attributes of the concrete capillary pore structure reflect upon the barrier qualities of

concrete which can be partly assessed via the moisture sorptivity test (ASTM C1585).
11.1.1 Porosity measurements
Porosity is defined as the ratio of the void volume (the space in cement paste matrix and

aggregates) in concrete to its bulk volume (the overall volume of voids plus grains):

g=2__"

Vp  Vp+Vs

where, @ is porosity, Vp, is void space or pore volume, Vy is bulk volume, and Vs is the solid volume.
The total porosity observed via NMR relaxometry in concrete can be divided into three major

components: free-fluid porosity (or bulk water) with long T, values (> 30 ms), capillary-bound
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water with T, values between 3 ms and 33 ms, and finally the fast decaying gel pore water with
T, values below 3 ms (Allen et al., 2000). It should be noted that the T, cutoff values for different
components of the pore system are variable, and depend upon the concrete water-to-cement

ratio, type of aggregate, and the influence of magnetic field gradients.

In water-saturated concrete, the number of spins in the fluid within the sensitive volume of the
sensor is proportional to the sample porosity. The initial amplitude of the NMR signal, Ampini is
the integral of the T, distribution, P(T2), where the distribution function P represents probability

densities:

T,
Ampis = [ Pdlog ()

It is directly related to the number of the spins in the sensitive volume probed by NMR. Hence,
porosity can be determined using the initial amplitude measured on water-saturated pores that
is normalized to the amplitude measured on pure water which is equivalent to 100 % porosity.
For improved accuracy, the full CPMG decay curve is reconstructed from the T, distribution, and
extrapolated to zero echo time. The measured value of porosity is a function of the shortest T,
the decay constant due to spin-spin relaxation that can be detected by the NMR and this, in turn,
depends on the echo spacing. Modern NMR instruments that can detect a T, as short as
approximately 0.3 ms are thought to include most of the (C-S-H) gel pore water in their
measurement, yielding a porosity that compares reasonably well to values from helium
porosimetry (Allen et al, 2000). Older NMR instruments which can only detect T, values above
approximately 3 ms are thought to measure an effective porosity [211]. T, measurements on

concrete specimens by the portable NMR instrument used in this study are performed at echo
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times of 0.1 ms and less. Hence, they yield a total porosity including the gel pore water, which is
comparable to values obtained via helium core porosimetry. The NMR measurements were
normalized in this investigation with respect to the measurements made on distilled water in

glass tubes, which correspond to 100 % porosity.

11.1.1.1 Measurement of Barrier Qualities

Low-field NMR can provide essential information on the size distribution of water-saturated pore
bodies in rock, because in the fast-diffusion limit the relaxation times are proportional to pore
size [48, 78]. Hence, NMR results can be used to predict the permeability coefficient k.
Permeability is the transport coefficient for flow through a porous medium in units of mD (1 mD
= Millidarcy; darcy =1 D = 9.87 x 1013 m?). However, measurements of T, are potentially affected
not only by the properties of interest such as the pore size but also by the inhomogeneity of the
static magnetic field and the internal magnetic field gradients [212], causing further reduction in
relaxation times. Internal magnetic field gradients arise from magnetic susceptibility contrasts
between the aggregate mineral surfaces and the pore fluid [213]. The magnetic susceptibility
value of water is negative (-9.26 x 10-6 Sl at 20°C) like for diamagnetic minerals such as rock salt,
calcite, gypsum, quartz and graphite. In contrast, most minerals and rocks have positive values

of magnetic susceptibility [51].

11.1.2 Experimental investigations

Porosity Measurements

Concrete samples subjected to accelerated aging via freeze-thaw cycling or carbonation were

used in this investigation. Several transverse relaxation measurements were made with the
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portable NMR instrument on representative specimens of various mix designs. Ampini was
measured and calibrated with pure water. Additionally, concrete specimens with 75mm (3inch)
diameter and 50mm (2inch) height were used for direct measurement of moisture absorption
and sorptivity (Figure 190). Sorption tests were continued for 7 days while measurements were

taken at certain time intervals specified by ASTM C1585.

Figure 190. Sorptivity and sorption measurement test setup.

Figure 191 shows the correlation between the porosity values measured using the portable NMR
versus the values of porosity measured directly using the moisture sorption test method. A linear
regression yields a correlation coefficient R? of 0.83. Clearly there is a difference in the actual
porosity values obtained using the two test methods. This is partly because thorough capturing
of the gel pore water is difficult for NMR relaxometry due to their very fast decays which vanish
during the echo spacing. Further reduction in relaxation times occurs due to the presence of
internal field gradients which increase with decreasing pore radii. The shortest echo spacing is
limited by transient processes in the transmitter-receiver system, and the pulse length. The gel
pore water signals were studied using the shortest possible echo time of 0.05 ms. Hence, some
of the water held tightly in gel pores could not be resolved as their decays occurred too early for

detection. It should be noted that measurement of porosity via the moisture sorption test
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accounts for capillary porosity and the larger fraction of the gel pore system. This measurement,
however, does not involve the NMR error caused by the presence of magnetic field gradients.
The difference between the fractions of the gel porosity captured by the two test methods is

unknown.
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Figure 191. Correlation of the concrete porosities determined with the portable NMR
instrument (DNMR) versus the method involving moisture sorption measurement.

While NMR measurements were performed on a sensitive volume captured nondestructively
from the concrete interior, the reference porosities determined via moisture sorption
measurements were obtained for the entire sample volume. Hence, these comparisons are

influenced by the inherent inhomogeneity of concrete that is sampled by the NMR sensitive

volume.

Despite the static magnetic field gradient, the portable NMR can be used for estimating the
porosity of saturated concrete. However, for samples with porosities below 5%, the currently
achievable signal-to-noise ratio of the portable NMR does not allow for precise data processing
via inverse Laplace transformation. Fortunately, total concrete porosity generally exceeds 5%.

The near-surface porosity of unaged concrete ranged from 7.5 % to 11.5%. The measured values
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of sorptivity obtained using the ASTM C1585 test method for the same specimens fell within a
narrow range of 12.5% to 15%. Once concrete was aged, the near-surface porosity varied
depending upon the mechanism of deterioration. As shown in Figure 192, the near-surface
porosity increased after freeze-thaw cycling, but decreased after carbonation. Considering that
porosity is influenced (raised) by the presence of microcracks, the rise in porosity after freeze-
thaw cycling is consistent with the mechanisms of freeze-thaw duration. The slight reduction of
near-surface porosity upon carbonation is also consistent with the mechanism of carbonation

which tends to fill pores via deposition of carbonates.
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Figure 192. Porosity measurements via NMR relaxometry for concrete materials prior to and
after exposure to accelerated freeze-thaw cycling and carbonation.

Permeability Measurements

Two permeability transforms can be used for NMR measurements; they use the Timur-Coates

Equation based on the work of Timur (1969), and the T,,.m Equation developed by Kenyon et al.

(1988):

FFV

1)
kry = [(E)Z(BFV ]2

_ 2 4
kT,LM =aT 2,LM¢
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In these equations, k is permeability in mD, FFV and BFV are the NMR-derived fractional volumes
of bulk and bound water, T,,um is the logarithmic mean T, value in ms, and ‘a’ is an empirically
determined constant which depends on the relaxivity; it is determined based on different
measurements such as previously measured values of permeability. Usually, for rocks with large
pores (e.g. sandstones) a = 4 mD/(ms)? [74], whereas in rocks with smaller pores (e.g.
carbonates), smaller factors have been used (e.g., a = 0.1) [75]. Both above equations are
empirical, and permeability prediction by NMR always requires a local calibration to core data in
each case. The Timur-Coates equation is frequently applied to oil reservoirs for interpretation of
the NMR logging data. In contrast, the T,,.m equation fails for hydrocarbon-bearing formations
but works well in zones containing only water [76]. The rationalization for such correlation comes
from the following: The Kozeny- Carman relationship proposes that permeability is inversely
proportional to the square of the surface to volume ratio S/V of the pore space. This suggests
that permeability is proportional to the square of a representative NMR relaxation time (T2,um)

through Kenyon equation. The logarithmic mean of the relaxation time (T2,uv) is defined as:

T .
YL, Vilog(72h)
N ,
Tyim =10 Li=1 Vi

where, Vi is the volume fraction of a pore i decaying with the relaxation time Tzi.

Both models are not universally applicable considering realistic variations in structure, texture,
and composition [77]. The cutoff method is also subject to the same concerns with changes in
surface relaxivity and in pore throat/pore-body ratio as is permeability estimation from T2,.m [78].

Both permeability models generate an appreciable amount of data scatter relative to the

independently determined permeabilities. In this work, the T,m equation was used for NMR
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measurements made on different concrete materials exposed to carbonation or freeze-thaw

cycling. T, distributions were measured at 5 different positions along three concrete specimens

for each mix design.

The magnetic susceptibility of all specimens was measured (Figure 179a); the resulting mean

values are presented in Figures 193b and 193c.
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Figure 193. Magnetic susceptibility values of concrete materials.
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A good correlation between the measured value of permeability coefficient (k) and sorption rate

was found with R? = 0.81 (Figure 180).
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Figure 194. Correlation of the permeability coefficients measured with the NMR instrument
and sorptivity measurements per ASTM C1585.

The estimated values of concrete permeability before and after exposure to accelerated aging
are presented in Figure 195. NMR estimations indicate that concrete permeability increased after
freeze-thaw cycling, and decreased after carbonation. These trends are consistent with the
potential for the formation of microcracks in concrete under freeze-thaw cycles, and the filling

of pores via carbonation.
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Figure 195. Estimated permeability values based on NMR measurements for concrete
materials prior to and after accelerated aging via freeze-thaw cycling or carbonation.
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11.2 NMR Data Interpretation Software

Interpretation of the NMR data could be rather complicated for a highway engineer. Moreover,
A relatively large number of scans might be needed (depending on the type of structure and the
extent of damage) to make a reliable judgement on the health condition of the structure.
Handling of these data could be pretty time consuming. Therefore, a software module is required
to streamline the management and interpretation of data. A standalone software is under
development (using the MATLAB® GUI) to further facilitate and accelerate the NMR data handling

and interpretation task.

GUIs (also known as graphical user interfaces or Uls) provide point-and-click control of software
applications, eliminating the need to learn a language or to type commands in order to run the

application.

MATLAB apps are self-contained MATLAB programs with GUI front ends that automate a task or
calculation. The GUI typically contains controls such as menus, toolbars, buttons, and sliders.
Many MATLAB products, such as Curve Fitting Toolbox™, Signal Processing Toolbox™, and
Control System Toolbox™ include apps with custom user interfaces. You can also create your own

custom apps, including their corresponding Uls, for others to use.

App Designer is an environment for building MATLAB apps. It integrates the two primary tasks of
app building—Ilaying out the visual components and programming app behavior—and allows you
to quickly move between visual design in the canvas and code development in an integrated

version of the MATLAB Editor.
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The layout of the NMR Relaxation Analysis (NRA) is shown in Figure 196. This program contains
5 essential sub-modules: (i) structural inputs; (ii) climate/weather inputs; (iii) surface appearance;
(iv) relaxation data; and (v) damage analysis and condition rating. In the following, the function

of each sub-module is explained.

. nmr_software — *

— Structural Input: — Input Relaxation Data 1

Please enter any available information listed below:
Input T2 Dist.

~

Type of Structure: Bridge column 1
Bridge girder W
~ Amp (a.u..
Aggregate type: Granite Pl ! 5
Gravel v
Air entrainment: [ves [ne
T } ) 0
Surface orientation: [Jvertical [] Horizental 0 T2 {ms) 02

— Climate/Weather Condition

— Input Relaxation Data 2

|

Average 7-day temperature (F):

Annual min and max temperature (F):

1
Average 7-day realtive humidty (%):
Mean annual precipitation (%):
| Amp (a.u)) 5
0
0 T2 (ms) 0.2
— Input T2
Short T2 @ location 1 ms Long T2 @ location 1 EI
Short T2 @ location 2 ms Long T2 @ location 2 EI

— Damage Analysis and Condition Rating

‘ Parimary Damage Mechanizsms: ‘ | |

‘ Statstical Confidence: ‘ | % |

‘ Extent of Damage: ‘ | % |

‘ Secondary Damage Mechanisms: ‘ | |

‘ Statstical Confidence: ‘ | % |

‘ Extent of Damage: ‘ | % |

Figure 196. NMR Relaxation Software layout.
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It should be noted that this version is in beta stage, and will be refined based on the suggestions
of the technical working group and the experience gained in applications of the module. Once
the program is completed, the package will be available in the form of an executable file that can
be installed and used in any computer operated on the Windows platform. Note that this

software package will be standalone; MATLAB will not be required to install and run its modules.

11.2.1 Structural Inputs

In this sub-module (Figure 197), the type of targeted structure (bridge deck, column, girder,
pavement, parking lot, sidewalk, swear pipe, reactor etc.) is input to the software. Moreover,
some of the most important material characteristics are also input in order to enhance the
accuracy of predictions; these material characteristics include: (i) water-to-cement ratio, (ii)
aggregate type, (iii) air entrainment; and (iv) surface orientation of the structure or the structural

element.

— Structural Input
Please enter any available information listed below:
Bridge deck ~
Type of Structure: Bridge column
Bridge girder W
WIC:
Limestone ~
Aggregate type: Granite
Gravel W
Air entrainment: []ves [ No
Surface orientation: [ wvertical [ ] Horizental

Figure 197. NMR Relaxation software — Structural Input.
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11.2.2 Climate/Weather Inputs

In this sub-module (Figure 198), the most important climatic or weather data that influence the
concrete internal moisture content are input. This data includes: (i) average 7-day temperature;
(ii) annual minimum and maximum temperatures; (iii) average 7-day relative humidity; (iv) mean
annual precipitation; (v) mean annual potential evapotranspiration; and (vi) average 7-day

precipitation.

— Climate,Weather Condition

Average 7-day temperature (F): F

Annual min and max temperature (F): F F
Average 7-day realtive humidty (% ): oy

Mean annual precipitation (%): o

Mean annual potential evapotranspiration {(mm/month): mm‘manth
Avwerage 7-day precipitation {in}: in

Figure 198. NMR Relaxation software — Climate/Weather input.
11.2.3 Surface Appearance

Some of the deterioration mechanisms have unique impacts on the surface texture and color of
concrete. Some of them have regular crack patterns. In most cases, surface appearance could be
related to two or more deterioration mechanisms. In this sub-module (Figure 199), several
pictures are included. Selection is not necessary for the user, but it would benefit the accuracy

of predictions and reduce the chance of erroneous interpretation of the NMR test data.
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- Surface Appearance

Wy
=

Figure 199. NMR Relaxation software — Surface appearance input.

11.2.4 Relaxation Results

The relaxation (.dat) files explained in previously can be input to the software all at once. These
files contain the relaxation information obtained from various locations of the structure. These
spots are selected using the Latin Hypecube Sampling principle as explained in previous reports.
The software will take in these files, and will display the distributions. An option is provided in
the software (Figure 200) to input the short and long T, values (that can be obtained from the

Prospa software). Providing the T, values will increase the speed of calculations.
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— Input Relaxation Data 1

Input T2 Dist.
1r
Amp (a.u.) 5l
U L L L L L PR SR |
0 T2 (ms) 0.2
— Input Relaxation Data 2
Input T2 Dist.
1r
Amp (a.u.]) 5t
U I
0 T2 [ms) 0.2
:InputTZ
Short T2 @ location 1 ms Long T2 @ location 1 ms
Short T2 @ location 2 ms Long T2 @ location 2 ms

Figure 200. NMR Relaxation software — Relaxation input.

11.2.5 Damage Analysis and Condition Rating

Finally, by comparing the obtained results from field against the laboratory data base, and
applying the necessary calibration coefficients, the type and extent of damage are inferred
(Figure 201). The comparison of field results with our laboratory and field data is possible for
drawing meaningful correlations between the trends. Artificial Neural Network is another strong

tool that might help us later to establish trends correlating the laboratory and test data.
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— Damage Analysis and Condition Rating

Parimary Damage Mechanisms:

Statstical Confidence: Yo

Extent of Damage: Yo

Secondary Damage Mechanisms:

Statstical Confidence: Yo

Extent of Damage: Yo

Figure 201. NMR Relaxation software — Analysis output.

11.3 Conclusion

In this chapter, the issue of NMR measurements in the presence of steel reinforcement was
addressed. Steel reinforcement with 4 and 6 inches of clear cover had negligible effects on the
NMR signal. With 1.5-2 inches of clear cover, changes in T, peak were noted depending on the
depth of nondestructive investigation. At 2mm depth from surface, the T, value shifted toward
higher levels (from 0.8ms for 0 reinforcing bars to 0.9 for 4 bars). The amplitude decreased from
0.15 for O reinforcing bars to 0.01 for 4 reinforcing bars. At 4mm depth, on the other hand, the
T, peaks for different reinforcement condition occurred all at the same location (0.8ms) while
the amplitudes increased slightly as the number of steel bars increases. At 6mm depth, the effect
of reinforcement seemed to vanish completely. Similar trends were observed, to a lesser extent,
with 4 and 6 inches of clear cover. To overcome the interference of reinforcing bars, especially

when it is very close to the surface, measurements should be taken at different depths, and
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amplitudes should be compared. The NMR signal with the greatest amplitude should be

considered in analysis of the results.

MR data analysis and interpretation software is under preparation. The prototype will be
completed soon based on the experience gained in laboratory and field applications of the
system. The completed package will be available as an executable file that can be installed and
used in any computer using the Windows platform. This software package is developed within
MATLAB, but will be made available as a standalone package that does not require MATLAB for
installation and operation of its modules. This software takes as input the type of the structure
that is under investigation (bridge deck, column, girder, pavement, parking lot, sidewalk, sewer
pipe, reactor, etc.). Some important materials characteristics (e.g., water-to-cement ratio,
aggregate type, air entrainment, and surface orientation and appearance) can also be input to
the software. The weather condition during the past 7 days is a required input. These optional
and required inputs would improve the accuracy of the predictions made based on

nondestructive NMR analysis of the infrastructure.

The NMR (relaxation) data files (the .dat files) can be input to the analysis software all at once.
These files are the relaxation information obtained from various depths and locations of the
structure. The locations would be selected based on Latin Hypercube Sampling principles. The
software will use the input files to produce data on the distribution of deterioration conditions
within the structure. The collected diffusion coefficients are also input to the software for various
locations. The software uses the system calibration based on the laboratory and field data base

generated in this research to infer information on the type and extent of concrete deterioration.
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12 FIELD OPERATION OF PORTABLE NMR

12.1 General

Use of the portable NMR in field requires careful considerations to provide accurate
measurements and meaningful interpretations. One issue that can potentially create difficulties
with respect to portable NMR testing is the presence of metallic objects in the test structures.
The metallic object embedded in concrete, including steel reinforcing bars, could potentially
interfere with the magnetic field of NMR. Prismatic concrete bars and steel reinforcement were
used to generate different possible scenarios. The effects of concrete cover, number of
reinforcement and depth of investigation on the NMR signals were investigated. The sample size
required for precise estimation of the average value is derived. Additionally, host rocks (used for
aggregate making) were tested at a Michigan DOT facility. These rocks were received by MDOT
from various quarries to check their quality for used in concrete pavement and bridge
construction. Three types of rocks (sedimentary limestone, sedimentary dolostone, sedimentary
hematite and jasper) were tested using the portable NMR. Finally, freeze-thaw beams made of
various aggregates (obtained from different quarries), prepared by MDOT, and cores taken from

US-23 in Michigan were tested using the portable NMR.

12.2 Operating of Portable NMR

By analyzing the relaxometry and diffusometry data generated by processing of NMR signals, the
following key parameters have been calculated and correlated with the type and extent of
concrete deterioration: (i) longitudinal relaxation time (T1); (ii) transverse relaxation time (T>)

distribution; and (iii) diffusivity (D). Figure 182 shows the main components of the portable NMR,

306



including the NMR probe (embodying the magnet and the RF coil), precision mechanical lift, and

spectrometer.

NMR probe

Figure 202. (a) Portable NMR components, (b) spectrometer and

Different field locations where concrete is experiencing known and unknown deterioration
mechanisms are subject of field experiments using the portable NMR (Figure 183). The sequence
of events, marked by numbers in Figure 203, for field operation of the portable NMR is as follows:
(1) the software sends the pulse program and other user-input information (e.g. depth of
investigation) to the spectrometer; (2) the spectrometer sends the signal to the probe; (3) the
probe implements the process of sending electromagnetic (EM) signals to the sensitive volume;

(4) the signals returned from the sensitive volume are collected by the probe; (5) the collected
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signals are transmitted to the spectrometer; and (6) the software receives and processes the data

from the spectrometer.

Further details on used pulse sequences and their programming are presented in the following.

Figure 203. Portable NMMR testing and processing sequence.

12.3 NMR Field Testing

Thorough field investigations were performed in various states (Michigan, Pennsylvania, and
Indiana) to identify and test various structures suffering from unknown deterioration

mechanisms using portable NMR system.

In this chapter, the NMR relaxation parameters of those structures are recorded and analyzed.
The trends obtained in the field are compared with our previous knowledge of concrete
deterioration mechanisms gathered through our previous laboratory and field testing.
Corroborative tests are also performed on pieces of concrete obtained from field to verify and

calibrate the NMR test predictions
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12.3.1 Testing at Michigan DOT

Michigan Department of Transportation (MDOT) commonly takes samples of concrete from
pavements and bridges, and also samples of rocks from quarries for evaluation in its test
laboratories. The NMR system is used at the MDOT test laboratories for nondestructive

evaluation of some available samples of rocks and concrete.

Three types of rock samples (boulders) were subjected to nondestructive NMR testing: rock A
(sedimentary limestone), rock B (sedimentary dolostone), and rock C (sedimentary hematite and
jasper). They were all obtained from quarries to be tested and approved by MDOT for use (after
crushing) as concrete aggregates. The boulders were immersed in water for 48 hours, and taken
out at the day of NMR testing. Figure 204 shows the Rock A, and the setup used for its
nondestructive NMR testing at the MDOT aggregated testing laboratory. Measurements were

made on the distribution of the transverse relaxation time (T2) and the self-diffusion coefficient.

Figure 204. (a) Rock A and (b) nondestructive NMR testing.
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Figure 205 shows the relaxation curves at different depths of Rock A. Prevalence of magnetic
species in the tested boulders, creates strong and local internal magnetic gradients, which
decreases the signal-to-noise ratio (SNR). The limited access time at the Michigan DOT laboratory
did not allow for the use of a large number of scans to overcome the noise caused by the presence
of any magnetic species within rocks. Such species produce local magnetic field gradients (i.e.,
added inhomogeneity of the magnetic field distribution) which can reduce the signal-to-noise
ratio (SNR) of the NMR instrument. SNR can be improved by increasing the number of scans,
which was not possible given the limited access time to the MDOT laboratory. Nonetheless,
Figure 285 suggests that all three decaying curves follow a bi-exponential trend. The decay occurs
due to the dephasing of the water molecules in different groups of pores in rocks. It should be
noted that not all the pores are filled with water; only accessible pores would be saturated. This
(‘apparent’) porosity contributes to various types of concrete deterioration. These are types of
pore in which water resides and evaporates rather quickly. These pore types are considered in
adjusting the water-to-cement ratio used in concrete production. They could be categorized into
two groups: small pores (ranging from nanometer to sub-micrometer) and large pores (larger

than 1 micrometer).
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Figure 205. Relaxation decay curves of Rock A.

The total moisture content of rocks at various depths could be estimated using the initial
amplitude of decay curves of Figure 205 for different depths of measurement. The relative
change in amplitudes at various depths with respect to that at the surface is shown in Figure 206.
For this type of rock (which is dense and heavy), the moisture content is at its highest on the

surface; it decreases with the depth at which NMR measurements are taken.
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Figure 206. Relative change in NMR amplitude with respect to surface, reflecting the change
in moisture content for Rock A.

The relaxation time distributions of Rock A at various depths is illustrated in Figure 207. As
expected from literature, two groups of pores are recovered from inverse Laplace transformation
at each depth. The first peak (from left) occurs between 0.8 to 5 ms, and the second one between
10 to 80 ms. The amplitude of the second peak is twice as large the first peak, suggesting that
larger pores constitute the majority of the pore structure. As the testing moves in depth, the
amplitudes of the first and the second peaks decrease significantly. Since the boulder represents
the volume of rock, this drop in amplitudes can be attributed to the limited depth of diffusion of
water. It can also be observed that at greater depths, small relaxation times are measured for

small and large groups of pores. This could be an artifact of moisture diffusion patterns into rock.
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Figure 207. Relaxation time distribution of Rock A at various depths.
The self-diffusion coefficient of Rock A is shown in Figure 208. Fastest diffusion occurs at surface,
and the diffusion from 4 to 6mm depth seems to be relatively unchanged. This finding correlate

with that related to T distribution, and points at particular moisture diffusion patterns into rocks

of relatively low porosity that are used in concrete construction.
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Figure 208. The self-diffusion coefficient of Rock A at various depths.

Rock B was also tested for relaxation and diffusion parameters as shown in Figure 209.
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(b)

Figure 209. (a) Rock B and (b) NMR testing.

The relaxation decay curves for Rock B are presented in Figure 210. The decay curves follow
similar bi-exponential trend as noted for Rock A. The difference here is that the initial amplitudes

occur around 0.9 for all depths, which are thus largely overlapped.
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Figure 210. Relaxation decay curves at different depths of Rock B.
The initial amplitudes were compared; their relative change with respect to depth are presented
in Figure 211. The moisture content seems to slightly increase with respect to depth in this case.
The tested rock appears highly porous, which could allow for thorough diffusion of water within

the depths evaluated here.
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Figure 211. Relative change in NMR amplitude with respect to surface, reflecting the change
in moisture content for Rock B.
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The relaxation time distributions for Rock B are similar to those for Rock A. However, the first
and second peaks are higher at 4 and 6 mm depths versus those near surface. Rock B was stored
in air (after 48 hours of immersion in water) as Rock A was tested first. This could have caused
some moisture loss from surface, which explains the drop in amplitude (and area under the peak)
observed in Figure 212. The porosity of Rock B seems to have led to thorough diffusion of

moisture within the depths considered here.
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Figure 212. Relaxation decay of rock B.

The self-diffusion coefficient test results for Rock B are presented in Figure 213. A slight decrease

with respect to depth is also observed for this type of rock.
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Figure 213. The self-diffusion coefficient of Rock B at different depths.

Rock C (Figure 214) had a high concentration of magnetic constituents. As a result, no signal could
be recovered from NMR measurements. The magnetic concentration in this rock was so high that
it was pulled towards and held on the surface of the portable NMR instrument (under the effect

of the NMR magnetic field).

Figure 214. Rock C.
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In addition to testing of rocks at the Michigan DOT laboratories, concrete beams prepared with
different aggregates were also subjected to nondestructive NMR testing (Figure 215). These
beams have been prepared for freeze-thaw testing. They incorporated aggregates with 1-inch
maximum particle size collected from different quarries in Michigan (which have been used after
washing and sieving). The beams are prisms with 4inx4inx12 dimensions; they are subjected to

freeze-thaw cycles, and their dilation is measured throughout the test.

Figure 215. NMR testing of a freeze-thaw prismatic specimen at Michigan DOT.

Additionally, concrete cores taken from US-23 were tested using the portable NMR instrument

(Figure 216). These cores have been obtained at different locations (Table 38).
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Figure 216. NMR testing of cores taken from US-23.
Table 38. List of concrete cores obtained from different locations of US-23 by MDOT.

Core STA REL Date Lane
16 611+32 29 05/01/2017 NB
24 594+47 32 05/01/2017 SB
27 573+77 30 05/01/2017 SB
36 409+23 14 05/25/2017 Ramp D

12.3.2 Various structures

The images of this concrete structure are shown in Figure 217. Regions of the structure where no
visible signs of deterioration were noted (Figure 217a) were tested as control. This was followed

by testing of deteriorated areas where pattern cracking was observed (Figure 217b).
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(a) (b)
Figure 217. Pictures of structure | in (a) undamaged and (b) damaged condition.
Figure 218 shows the short value of transverse relaxation time (T2) derived through analysis of
the test data. These results indicated that the value of short T, was about 100% higher in the
cracked region when compared with the intact region of the structure. In addition, the initial
amplitude of the relaxation decay curve increased by about 15% moving from the intact to the

cracked region of the structure. These trends in the short T2 value and the initial amplitude of the

decay curve match the trends established for alkali-silica reactions.
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Figure 218. Change of short T2 in intact and cracked locations.
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SEM images of the concrete pieces obtained from Structure | are presented in Figure 219. Figure
219a shows the presence of some microcracks in the interfacial transition zone (ITZ). Figure 219b
shows some microcracks propagating through the cement paste. Similar microcracking trends

were found in laboratory specimens subjected to accelerated alkali-silica reactions.

N\

Vac-High PC-Std. 10KV X170  mme——100 pm

(a) (b)

Figure 219. SEM images of concrete structure I.

Figure 220 shows the visually noted deterioration conditions of the second structure selected for
testing. Regions of this structure with less and more visually notable damage are shown in Figures

220a and 220b, respectively.
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(a) (b)

Figure 220. Pictures of structure Il in (a) damaged and (b) damaged condition.

The trends in the NMR data found for Structure Il are summarized in Figure 221. Figure 221a
displays the relative change in the short and long values of T, with respect to the depth of
concrete. Short T, remains almost constant while long T, decreases at larger depths. Long T,
dropped by as much as 20% with increasing depth. The initial decay amplitudes for both less and
more deteriorated sections of the structure also decrease; the drop in the decay amplitude in the
more deteriorated region, however, is notably greater. These trends are similar to those
observed for concrete specimens tested in laboratory after exposure to accelerated freeze-thaw

testing.
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Figure 221. The trends observed in the NMR data generated for the T, values (a) and the
percent change in decay amplitude with respect to depth.

SEM images of concrete obtained in the field are shown in Figure 222. Several microcracks are
observed across specimens, mostly within the cement paste. Although it seems the concrete has
been air-entrained, microcracks are prevalent in this piece of concrete obtained from field. The
pictures taken in field (Figure 220) hint at serious damage to the concrete surface which could
have been caused by phenomena similar to deicer salt scaling associated with exposure to freeze-

thaw cycles and deicer salt.
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Figure 222. SEM images of concrete structure Il.

Concrete specimens obtained from Structures Il and IV were powdered and subjected to XRD
analysis. Figures 223a and 223b display the XRD patterns of concrete specimens obtained from
Structures lll and IV, respectively. While the peak pertaining to quartz (at 20 = 26-27°) intensity
is relatively large for structure IV (Figure 223b), it is relatively small for structure | (Figure 303a).
This could be due to the consumption of quartz by the alkali-silica reaction and production of

amorphous ASR gel.
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Figure 223. XRD patterns of (a) structure lll and (b) structure IV.
Finally, the NMR data interpretation software package developed in the project was used to
assess the deterioration conditions of the structures introduced above. The software is still in
beta condition, and the experience accumulated here is used to verify and further improve the

package.

Figure 224 shows the software interface after analyzing the NMR data generated for Structure llI
and Structure 2 (Figure 224b). For Structure |, the software predicts ASR as the primary cause of
deterioration, and carbonation as a secondary cause. For Structure IV, the software identifies

freeze-thaw cycling as both the primary and secondary causes of deterioration.
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Figure 224. The NMR software analysis of Structure lll (a), and Structure IV (b).
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Figure 224. (cont’d)

— Structural Input- — Input ion Data 1

Please enter any available information listed below:

s " nputT2Dist. |
Bridge girder ~ »
Type of Structure: Pavement 1
N
08
wic: 049 |
= 06
A Amp (a.u.]
Aggregate type: Basalt p{au} 4
Recycled ¥
) 02
Air entrainment: M ves Cne /\
o
Surface orientation: i i
[ Vertical [ Horizental 1] 72 (ms)
— Climate/Weather Conditi
1) — Input ion Data 2
Average 7-day temperature (F): ‘ 69.9 ‘
( - Input T2 Dist.
Annual min and max temperature (F): I

1

2. L = |
Average 7-day realtive humidty (%): ‘ % 08

Mean annual precipitation (%): ‘ 70 ‘ 06

Mean annual potential evapotranspiration (mm/month): 51 | Amp (a.u.)

Average 7-day precipitation (in): | 0.8
02

— Surface Appearan D
I T2 (ms) 02
— Input T2
ShortT2 @location 1 | 0.53 |  LongT2@location 1| 21
Short T2@location2 | 1.4 LongT2@location2 | 26 |

— Damage Analysis and Condition Rating:

Parimary Damage I ‘ Fi th

Statstical Confidence: ‘

Extent of Damage: ‘

y Damage i ‘ Fi th,

Statstical Confidence: ‘
L

Extent of Damage: ‘ ‘

(b)

Pictures taken from the intact and deteriorated regions of Structures lll and IV evaluated for this
chapter are presented in Figures 225 and 226, respectively. Visual observation of the
deteriorated region of Structure lll pointed at discoloration and alteration of texture at the
surface (Figure 225b). Deterioration of Structure IV occurred mostly at edges where concrete was

severely disintegrated (Figure 226b).
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Figure 226. Pictures of the intact (a) and deteriorated (b) regions of Structure IV.
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The trends in some NMR data generated for Structures | and Il are presented in Figures 227 and
228, respectively. These figures show the changes in measured values of the transverse

relaxation time (T2) and decay amplitude with increasing depth.

In the case of Structure Il (Figure 227), the changes in T, value and decay amplitude with respect
to depth are relatively small (less than about 10%); the seemingly damaged and undamaged
regions of the structure exhibit similar trends (<5% difference). These trends, considering the
data base generated through laboratory tests, suggest that concrete in Structure Ill has not
experienced any notable deterioration. The surface phenomena observed may have thus been

caused by minor efflorescence, with no significant deleterious effects.

In the case of Structure IV (Figure 308), the obviously deteriorated regions of the structure exhibit
close to 20% drop in T2 and 40% drop in decay amplitude with depth. The data interpretation
schemes developed based on laboratory test data point at severed freeze-thaw deterioration of
this structure. The seemingly undaged region of the structure exhibited 10% drop in T, and 20%
drop in decay amplitude with depth. These trends are, based on the data base generated in

laboratory, indicative of moderate freeze-thaw damage.
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Figure 227. The trends in the transverse relaxation time (T2) and amplitude change with depth
for the undamaged and damaged regions of Structure Ill.
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Figure 228. The trends in the transverse relaxation time (T2) and decay amplitude change with
depth for the undamaged and damaged regions of Structure IV.

12.3.3 Corroborative SEM and XRD Investigations

Small pieces of concrete were extracted from the structures, and were subjected to SEM and
XRD investigations in laboratory. The SEM images of Structures lll and IV are presented in Figures
229 and 230, respectively. Structure Il (Figure 229) exhibited minor microcracking, which is
consistent with the NMR assessment of health condition. This concrete seems to have been
reinforced with fine polymer fibers. Structure lll (Figure 230), on the other hand, exhibited
extensive formation of networked microcracks. This observation together with the lack of
entrained air voids at adequately small spacing support the finding of the nondestructive NMR

experiment, which points at extensive freeze-thaw deterioration of this structure.
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Figure 229. Typical SEM image of Structure lll.
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Figure 230. Typical SEM image of Structure IV.

The XRD patterns of concrete specimens obtained from structures | and Il are presented in Figure
231a and b respectively. The XRD patterns do not reveal any signs of chemical deterioration,
which is consistent with the NMR findings that one structure does not exhibit any signs of
deterioration, and the other has experienced physical damage caused by freeze-thaw
deterioration. The XRD pattern for Structure Il points at possible use of an opal feldspar as

aggregate in concrete.
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(b) Structure IV
Figure 231. XRD patterns of Structures lll and IV.
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12.4 Measurements in the Presence of Reinforcing Bars

Portable NMR conducts nondestructive relaxometry tests at various depths of a concrete system.
The presence of metallic objects embedded in concrete, such as reinforcing bars, could

potentially interfere with the magnetic field of NMR.

No. 4 reinforcing bars were purchased from Harris Rebar in Lansing, Ml. Three prismatic concrete
beams (2in by 2in by 10in) were fabricated. A water-to-cement ratio of 0.49 and a total
aggregate-to-cement ratio of 5 were used for preparation of concrete specimens. Crushed

limestone and sand were used as coarse and fine aggregates, respectively.

All three prisms were stacked on top of each other to represent 6 in cover over reinforcement,
and placed on a portable NMR as shown in Figure 232. One or more No. 4 rebars were placed at
the center of the stack. The NMR relaxation signal was measured for the sensitive volume
highlighted as a green bar in Figure 232a. The measurement was repeated at 2mm, 4mm and
6mm depths from the concrete (bottom) surface. T, distributions at each depth with 1, 2 and 4

rebars placed on top were obtained (Figure 233).
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(b)

(c)

Figure 232. Prismatic specimens with different number of rebars (6 in clear cover over
reinforcement).

The results presented in Figure 233 indicated that, at 2mm depth, the T, shift for concrete

without any rebar placed on top (0 RF) is about 0.8ms. This shift remains unchanged as the
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number of steel rebars increases. The amplitude slightly drops after addition of rebars. At 4mm
and 6mm depths also, the T, shift looks unaffected by the addition of reinforcing bars. The
amplitude of the main peak remains unchanged with the addition of rebars. The second peak
occurring at 10-20ms has an insignificant amplitude (less than 0.03), which could be an artifact

of the smoothing parameters used in inverse Laplace transformation.
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Figure 233. The effect of steel reinforcement with 6 in clear cover on NMR signal of concrete
at (a) 2mm, (b) 4mm, and (c) 6mm from surface.
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Next, one prism was removed to simulate the effect of steel reinforcement with 4in cover. Figure

234 shows the prisms, rebars and the sensitive volume for NMR measurements.

(b)

(c)

Figure 234. Prismatic beams and number of rebars in NMR testing with 4 in clear cover over
reinforcing bars.

The NMR measurements at different depths with different number of rebars were performed

similarly. The results are presented in Figure 235. With 4 inch clear cover over reinforcement, the
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T, shift remained unchanged at all depths. At 2 and 6mm depths, the amplitude changed slightly

with the addition of rebars.
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Figure 235. The effect of rebars with 4 in clear cover on the NMR signal of concrete at (a)
2mm, (b) 4mm and (c) 6mm from surface.
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Finally, the NMR measurements were with only 1 prismatic beam as shown in Figure 236. The
exact thickness of the bottom beam was 1.7 in (simulating 1.7 in clear cover over reinforcing

bars).

(b)

(c)

Figure 236. Prismatic beams simulating 1.7 in clear cover over reinforcement, and the number
of rebars used in NMR testing.

The results of the NMR measurements for this setup that simulates 1.7 in clear cover over
reinforcing bars are presented in Figure 237. The NMR sensitive volume in this test setup is

positioned above (but not in between) the reinforcing bars. The effects of reinforcing bars on the
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shift in T, peak varies depending on the depth of investigation. At 2mm depth from surface, the
T, shift toward higher values (from 0.8ms for 0 reinforcement to 0.9 for 4 reinforcements. The
amplitude decreases from 0.15 for 0 reinforcement to 0.01 for 4 reinforcing bars. At 4mm depth,
on the other hand, the T, peaks all occur at the same location (0.8ms) while the amplitudes
increase slightly as the number of reinforcing bars increases. At 6mm depth, the effect of
reinforcement seems to vanish completely. Similar trends were also observed, to a lesser extent,
when 4 and 6 inches of cover were used. This finding can be explained by the variation of
magnetic field in space. Magnetic forces act at a distance, which is why magnetic field is defined
to represent magnetic forces. A pictorial representation of the magnetic field lines is very useful
in visualizing the strength and direction of the magnetic field. Magnetic field lines are like the
contour lines (constant altitude) on a topographic map in that they represent continuous
features, and a different mapping scale would show more or fewer lines. For example, iron filings
placed in a magnetic field line up to form lines that correspond to "field lines” as shown in Figure

238.
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Figure 237. The effect of reinforcing bars with 1.7 in clear cover on the NMR signal of concrete
at (a) 2mm, (b) 4mm and (c) 6mm from surface.
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To overcome the interference of reinforcing bars, especially when they are very close to the
surface, NMR measurements much be taken at different depths, and the resulting amplitudes
should be compared. The results presented above indicate that the NMR signal with the highest

amplitude should be considered for further analysis.

Figure 238. Visual representation of magnetic field lines around a bar magnet.

12.5 Field testing: Mapping and Sampling Methods

NMR testing of large concrete infrastructure should be performed efficiently such that the
measurements cover the entire infrastructure (or a targeted region of it) without spending excess

time and effort.

ASTM E122 covers simple methods for calculating the number of units to be included in a random
approach to sampling in order to estimate, with a specified precision, a measure of quality for all
units that constitute the infrastructure. This practice yields the sample size required to estimate
the average value of some property at a specified precision. The practice treats the common
situation where the sampling units can be considered to exhibit a single (overall) source of

variability.
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Based on a normal distribution for the property of interest, the equation for the size, n, of the

sample is as follows:

n = (B oo/E)*
where, E = maximum acceptable difference between the true average and the sample average;
and g, = The estimate of lot or process standard deviation of X, the result of measuring all the
units of a finite lot or process, and the factor  depends upon the acceptable probability of the

sampling error exceeding E:

Acceptable Probability B
0.3% 3
1% 2.56
4.5% 2
5% 1.96
10% 1.64

A simple estimate for g, may be computed by using the average range (R) taken from the several

previous data sets that have the same group size.
O-O = E/dz
The factor d> from Table 39 converts the average range into an unbiased estimate of g;.

Table 39 Values of the Correction Factor.

Sample Size (n)) d;
2 1.13
4 2.06
5 2.33
8 2.85
10 3.08
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Where, njis the sample size in the dataset.

Besides the sample size, decisions should also be made on the locations of the infrastructure that
need to be tested for representing the entire infrastructure system. Various methods are
available to address this need. Latin Hypercube Sampling (LHS) is a powerful method that can be
used to specify random locations along the length (and width) of a bridge deck or a pavement
that represent the entire infrastructure. LHS is a statistical method for generating samples of
plausible collections of parameter values from a multidimensional distribution. The method is
used commonly to reduce the number of runs necessary for a Monte Carlo simulation to achieve
a reasonably accurate random distribution as shown graphically in Figure 239. In this Figure, x1
and x; are two parameters (here the length and width of the testing object) which form a two-
dimensional problem domain. To cover the entire domain shown in Figure 239a, Monte Carlo
and LHS are used separately. For this example, Monte Carlo needs 100 samples (Figure 239b)
while the LHS requires 25 samples (Figure 239c) to cover the same problem domain. LHS provides
significantly improved efficiency while still maintaining similar accuracy. LHS can be conveniently

incorporated into an existing Monte Carlo model.
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Figure 239. Comparison between Monte Carlo and LHS simulations: (a) Entire domain; (b)
Monte Carlo; and (c) LHS

Figure 240 shows two parameters (x1 and x2) with minimum values of zero and maximum values
of aand b, respectively. For example, if 3 samples are required, each parameter range is divided
into 3 equal intervals forming a square grid containing sample positions if (and only if) there is
only one sample in each row and each column (which is referred as Latin Square as shown in
Figure 240). This approach reduces the number of locations that need to be tested for adequate

covering of the entire system.

.
[

-

Figure 240. Example of sampling in LHS method.
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Figure 241 shows an example of the LHS test locations on a bridge deck that is 0.1 mile long and
42 ft wide with the required number of samples (n) decided to be 10. It should be noted that the

LHS rules can be satisfied by testing different (alternative) combinations of locations.

42 ft

0.1 mile

Figure 241. Example of a randomly generated test spots using the LHS rules.

12.6 Conclusions

The portable NMR system was used to nondestructively identify the cause of damage in four
concrete structures. Signs of surface deterioration were noticeable in some regions of these
structures. Nondestructive NMR tests were performed at different depths for the regions of
structures with no (or minor) and major indications of surface deterioration. The NMR data
generated for both locations of each structure were analyzed. The trends in the processed NMR
data were compared with those established in the project for different mechanisms of
deterioration. It was concluded that the first structure was experiencing deterioration due to

alkali-silica reaction, and the second structure was experiencing freeze-thaw deterioration.

Concrete pieces were obtained from field, and subjected to XRD and SEM investigations in
laboratory. In the case of Structure |, SEM images revealed microcracks around and inside
aggregates propagating through the cement paste, which is consistent with the microcrack
patterns we had observed for concrete experiencing ASR under accelerated aging conditions in

laboratory. For Structure Il, microcracks were found to be different in width and length, and
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followed propagation patterns similar to those we had noted in concrete subjected to
accelerated freeze-thaw aging in laboratory. The XRD pattern of Structure | pointed at the
consumption of quartz mineral, perhaps to form amorphous silica gel under alkali-silica reactions.
The findings of these corroborative tests supported the conclusions derived based on the

nondestructive NMR test data generated in field.

Additional nondestructive field tests were performed using the portable NMR system. The NMR
relaxation parameters were measured, and subjected to data analysis and interpretation steps
using the software developed in the project. The results pointed at no major deterioration of the
first structure tested here, and extensive freeze-thaw deterioration of the second structure.
Corroborative SEM and XRD investigations were performed in laboratory on pieces of concrete
extracted from these structures. The results of these tests were supportive of the NMR findings.
XRD patterns pointed at the physical nature of deteriorations, and SEM observations produced
damage patterns in the second structure which were consisted with freeze-thaw deterioration.
The SEM images of concrete from the first structure confirmed the NMR finding that no major

deterioration occurred in this structure.

347



13 CONCLUSION AND RECOMMENDATIONS

13.1 General

In this research, an experimental-numerical approach was adopted to investigate the damage
caused by various deterioration mechanisms in concrete using a portable NMR machine. The
relaxation properties of water molecules in the microstructure of the damaged and control
concrete was obtained. The relaxation time values and time series in these specimens were
obtained and analyzed with respect the type of damage, extent of deterioration and curing and
treatment conditions. Certain trends were associated with various type of deterioration
mechanisms. Subsequently, corroborative tests such as UPV, dynamic modulus of elasticity test
and microscopy were performed as corroborative measures. Additionally, through a series of
numerical analysis, porosity and permeability properties of concrete were estimated and
compared to experimental results. A software package (powered by MATLAB) was deployed to
streamline the data analysis associated with NMR measurements, by comparing the new data
with the previously established trends. Finally, NMR relaxometry were performed in field or on
specimens obtained from field to assess the viability of the portable NMR relaxometry as an in-
situ nondestructive testing method. In this chapter, the key findings from this study are
summarized, the research impact and its practical implications are outlined, and

recommendations are lastly provided for future study.

13.2 Key Findings

- Concrete containing reactive aggregates experienced increasing moisture uptake as

accelerated aging continues while concrete containing non-reactive limestone seemed
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relatively unaffected in this regard. Relaxation times and their distributions were also
determined to investigate the effect of ASR gel formation and consequent cracking on
concrete pore system. Concrete made of chert seemed to have a distinguished relaxation
time distribution. Compared to chert, concrete made of limestone remained unchanged
over time and the relaxation time distribution does not vary significantly. The modulus of
elasticity decreases for concrete containing chert and flint while it remains relatively
constant for concrete made of limestone. The uranyl acetate treatment of concrete cross-
sections indicated the presence of ASR products, especially around coarse aggregates.

For concrete mixes prone to freeze-thaw damage, relaxation decay curves suggested that
the moisture gradient with respect to depth remained unaffected by exposure to freeze-
thaw cycles. The measured value of the initial amplitude at the concrete surface,
however, was larger after exposure to freeze-thaw aging and decreases into depth. This
could be due the surface microcracks formed under freeze-thaw cycles, and the moisture
gradient formed as a consequence. The relaxation time distributions pointed at an
increasing shift towards smaller relaxation times which correspond to the saturation of
small pores where water resides largely in a confined and less mobile state. This shift was
more pronounced for concrete mixtures that were more susceptible to freeze-thaw
attack. Both short and long T, values remained constant with respect to depth for mixes
that were resistant to freeze-thaw attack, while they changed with respect to depth for
mixes that were susceptible to freeze-thaw attack. The relative change in the short and
long components of the relaxation time with respect to depth also pointed at the value

of this gradient as an indicator of the freeze-thaw deterioration of concrete. Although
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UPV and dynamic modulus of elasticity suggested the decreased integrity of concrete
under freeze-thaw attack, the corresponding trends were not as strong as those in NMR
signals. Moreover, nondestructive NMR relaxometry/diffusometry tests were performed
on prismatic concrete beams prepared with different aggregates, and subjected to freeze-
thaw cycles by the Michigan DOT. Relaxation decay curves indicated that for two of the
three beams the initial decay amplitude decreased with respect to depth. The initial and
secondary rate of relaxation were unaffected by depth. For the third beam, however, the
initial amplitudes were almost constant at different depths. Additionally, the secondary
rate of relaxation decreased with respect to depth. Based on the trends established
previously, the NMR test data indicate that the third beam experienced more freeze-thaw
damage than the other two beams. The short value of the transverse relaxation time (T2),
measured nondestructively via NMR relaxometry, was constant with respect to depth in
all three beams. The long value of T, however, increased significantly throughout the
depth for the third beam. The increase in long T; is, based on the trends established
earlier, an indicator of microcracking and pore widening under freeze-thaw cycles, which
leads to further accumulation of water in capillaries and microcracks. In parallel, the
absolute values of self-diffusion coefficient are the largest for the third beam. The values
of dilation resulting from exposure to freeze-thaw cycles, measured by the Michigan DOT,
correlated well with the nondestructive NMR test data. The third beam, which
experienced more freeze-thaw damage per NMR test results, also experiences the

greatest dilation under exposure to freeze-thaw cycles.
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Under carbonation effects, carbonates precipitated as minute crystals in the capillary
pore system, causing a partial filling of pores and thus densifying the hydrated cement
paste. The shift in the initial amplitude of the relaxation decay curve (which represents
hydrogen density) and the relaxation time distributions (that reflects upon the pore size
distribution) were compatible with this established trend in carbonation effects on the
concrete microstructure. Accelerated carbonation lowered the long peak in T;
distribution which is associated with the larger capillary pores that tend to be partially
filled with the products of carbonation reactions. Moreover, the reaction of calcium
cations released to the pore solution by cement hydrates with carbonate cations leads to
precipitation of calcium carbonate in the vicinity of gel pores and in capillary pores. The
short T, component of the transverse relaxation time distribution reflected this effect of
carbonation on gel and finer capillary pores. The distinctions between the variations of
pore systems for normal- versus high-strength concrete as well as their different levels of
susceptibility to carbonation produced distinct trends in the NMR test data generated at
different depths for normal- versus high-strength concrete. The effects of carbonation on
the corroborative nondestructive tests used in this investigation (ultrasound pulse
velocity and dynamic elastic modulus) were minor (statistically insignificant) but
consistent with the densification of cement hydrates under accelerate carbonation.
Scanning electron microscopic observation of the non-carbonated and carbonated
concrete materials could reveal the greater extent of carbonation effects on the hydrated
cement paste microstructure in normal-strength concrete when compared with high-

strength concrete.
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Concrete specimens subjected to accelerated sulfate attack were examined
nondestructively via NMR relaxometry. The transverse relaxation time distributions
obtained by processing the NMR test data were used to assess the size distributions and
the prevalence of gel and capillary pores in hydrated cement paste. For all specimens at
all depths, the intensity of the peak associated with gel pores decreased. Reactions
involving calcium silicate hydrates could contribute to this trend. Depending on the cation
type associated with the sulfate in solution (i.e., Na+, K+, or Mg2+), both calcium
hydroxide and C-S-H present in the hydrated Portland cement paste could be attached by
the sulfate solution. In addition, for both concrete mixtures evaluated in unaged and aged
states, the initial amplitude decreased with increasing depth as a result of salt
crystallization within the pore structure. The rates, however, varied between unaged and
aged concrete materials. The trends seemed to differ in concrete mixtures M1 and M11.
Sulfate attack was found to produce a statistically significant rise in transverse relaxation
times corresponding to capillary pores, but not those corresponding to gel pores. This
trend suggest that the accelerated aging conditions considered here did not reach
advanced stages of sulfate attack where the C-S-H structure is altered. Salt crystallization,
however, produced statistically significant effects on the capillary pore structure. The
weak trends in the ultrasound pulse velocity (UPV) and dynamic modulus test results
confirmed that the sulfate attack levels reached here raised the UPV and dynamic
modulus of concrete, suggesting that the sulfate attack was still limited to the state of
filling pores via salt crystallization, and did not advance to produce expansive and

phenomena and notable chemical reactions.

352



The measured values of transverse relaxation time, T, for concrete exposed to chloride
ion showed that the mobility of water molecules decreased with diffusion of chloride ions,
with chloride ions adsorbed onto the interlayer or the inner and outer surfaces of
hydrates. Bi-exponential fitting to the T, decay curves indicated a decreasing trend for the
short T, values corresponding to the gel pores in cement hydrates. The T2 distribution
test results suggested that the intensity of the peak corresponding to gel pores decreased
in almost all cases with chloride ion diffusion, while the intensity and location of the peaks
corresponding to capillary pores varied significantly for different concrete materials prior
to and after exposure to chloride solutions. In contrast, the values of longitudinal
relaxation time, T1, seemed to be insensitive to the diffusion of chloride ions. The values
of self-diffusion coefficient, D, measured for concrete materials ranged from 0.55 to 0.65
10-9 m2/s. After 60 days of exposure to chloride ion solution, D decreased consistently
for all concrete materials. The measured values of ultrasonic pulse velocity and dynamic
modulus of elasticity did not exhibit statistically significant sensitivities to the diffusion of
chloride ions. The UPV values increased slightly, probably due to the deposition of salt
crystals in voids. Conversely, the measured values of dynamic elastic modulus decreased
slightly. The measured values of weight and volume of concrete specimens pointed at the
insensitivity of these concrete attributes to chloride ion diffusion.

The presence of rebar could alter the NMR results, therefore special attention must be
considered. To overcome the interference of reinforcing bars, especially when they are

very close to the surface, NMR measurements much be taken at different depths, and the
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resulting amplitudes should be compared. The results presented above indicate that the
NMR signal with the highest amplitude should be considered for further analysis.

- The numerical studies presented here, yielded plausible prediction of porosity and
permeability. Selecting the appropriate coefficients is, however of great importance.
More work is required to obtain these coefficients for concrete made of various class of
aggregates.

- Portable NMR relaxometry was performed on existing concrete structures with unknown
cause of damage. The obtained trained were compared to previously established trends
via the home-made software package. The corroborative laboratory tests supported the

findings obtained and interpreted by the NMR machine and the software respectively.

13.3 Research Impact and Practical Implications

The current NDT techniques are unable to rationally assess the health condition of concrete
undergoing deterioration mechanisms such as cracking due to the alkali-silica reaction, repetitive
freezing and thawing, carbonation among others. ASTM standards and specifications are
outdated and require update based on the recent findings. However, the results presented in this
study demonstrate the capabilities of portable NMR machine as a novel technique that can be
implemented to identify the cause of damage in various concrete structures. Moreover, due to
the relatively small size of the machine and portability of it, the location of the damage can be
pin-pointed. Using the step-motor embedded in the machine, the profile of concrete structure

up to a few inches in also obtainable.
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The proposed methodology and established trends can effectively be utilized in determination of
damage when the causes of damage are unknown. In fact, portable NMR can provide a new
perspective on microstate of concrete and alteration to it caused by various deterioration

mechanisms.

The proposed research aimed to produce two main results. First, the proposed experimental-
numerical approach initiated the application of portable NMR in evaluating concrete undergoing
various deterioration mechanisms. Second, since proposed study aimed to identify the impact of
various deterioration mechanisms on NMR signals, the outcomes of research was useful to rectify
the drawbacks associated with current destructive or nondestructive methods of concrete

analysis.

13.4 Recommendations for Future Research

This study is the first research dedicated to understanding the effects of various deterioration
mechanisms of concrete on the NMR relaxation signals obtained from damaged and undamaged
concrete and subsequently implementing the portable NMR technique as a novel nondestructive
testing method of concrete infrastructure. However, there are many questions yet to be
answered to comprehensively understand the complex nature of concrete, and the broad range
of phenomena associated with each deterioration mechanism of concrete. Some of the potential

research topics are recommended in below:

- Increase the penetration depth of magnets, to obtain a larger profile of concrete.
Subsequently, investigate the effects of deterioration mechanisms at a higher depth and

compare to their effect on the surface and near the surface.
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Perform NMR relaxometry near the location of steel rebar corrosion, where the concrete
is being cracked. Resolve the issue of interaction between NMR magnetic field and rebars
near the surface of rebar.

Carry out NMR relaxometry testing on concrete specimens undergoing coupled
deterioration mechanisms such as ASR and repetitive freezing and thawing. Subsequently
perform NMR tests on concrete obtained from field that are prone to both deterioration
mechanisms to check the validity of the results.

Carry out NMR relaxometry testing on concrete specimens subjected to a combined effect
of mechanical loading and other deterioration mechanisms such as ASR, repetitive
freezing and thawing among others.

Complete the database of NMR relaxation parameters started in this research. Perform
NMR relaxometry on concrete made of different mix proportion with different cement
supplementary materials, various admixtures at different water-to-cement ratios.
Perform molecular dynamics simulations for relaxation phenomena in deteriorating
concrete (such as in the case of alkali-silica reaction)

Validate the permeability and porosity models of concrete presented in this study and
apply them to concrete of other mix proportions. Utilize those findings towards a better
understanding of processes associated with the physical and chemical deterioration

mechanisms of concrete.
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