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A new nondestructive technique for monidoring the hydration process of cement within concrele and
mueusurcmenl of the compressive strength of voocrewe is preseoted. The technique called the Nuclear
Mapnetie Resonance {(NMR) has 5o fae been primarly used in the ficlds of chemistry and medicine. s
application o construction materials has been very Lmited or noncxisteor. 1n chis study, NMR 5 used
10 oumitor the bydration of cement paste in coocrete with two different water cement ratios, The first
obiective of this study was to distinguish between the amounts of remaining free warer, and water consumed
in the hydrution process doring the 28 days mooiloring period. The sceond objective was to relate the
compressive strength of eoncrare 1o NMR sipnals, A gumber of standard compression tests were performed
n paraflel with the NMR tests. Correlation of the responses from nondestructive tests with NMR and
those of standund compression teses indicatzd almost a lisear refaionship.

KEY WORDS: NMR, concrete, hydration, strength ineasurement.

INTRODUCTICN

Hydration of cement in concrete plays an important role in curing and development
of concrete properties. Careful menitoring of this process will help researchers and
engineers to better understand the behavior and properties of concrete and 1o improve
ity Tesponse to loads and environmental factors. In this paper, a4 new technique with
a potential for monitoring the hydration process of cement in concrete and its
relationship to the compressive strength is presented. The technique which utilizes
the sub-atomic properties of constituent materials 15 called the Nuclear Magnctic
Resonance (NMR). NMR has been extensively used in a variety of disciplines such
as chemistry, biclogy, medical imagining, etc. However, its application for testing of
construchion materials has been very limited if any at all. Presently, NMR is probably
the most powerful maicrial analysis technique in biochemistry and analytical
chermistry, In medicinc. imaging by NMR is becoming increasingly popular as an
eflective diagnostic tool in recent years,

In subsequent sections, a brief introduction to the principles of NMR will be given,
The results of NMR tests performed on concrete samples with two different water
cement (W/C) ratios during the first 28 days will he discussed. In addition to the
NMR tests, standard compression tests were also performed on 100 mm = 200 mm
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{4 in. » 8 in.) cylinders of concrete from the same batch. Both the NMR and
compression tests were performed at the same time. The results of the destructive
and nondestructive tests were compared and correlated. Such correlations can be used
to calibrate the NMR response for nondestructive cvaluation of in sitn properties of
voncrete in the field.

RESEARCH SIGNIFICANCE

Considering the polentials of NMR as an effective technigue for monitoring the
hydration of cement within concrete and as a new nondestructive technique for
evaluation of in situ mechanical properties of concrele such as the compressive
strength, this research could form the basis for a new generation of equipment and
methodologies for testing and understanding of the behavior of concrete. In particular,
with the growing concerns over the status of wmfrastructure and the limited resources
available for the rehabilitation of structurcs, NMR could present new possibilities in
the area of nondestructive testing to identify those structures most in need of
rehabililation.

PRINCIPLES OF NMR SPECTROSCOPY

As with all types of spectroscopy, an NMR response yields spectra that can he
described m terms of the frequency, magnitude, and shape of the lines or bands. In
this section, a brief summary of the principles governing the NMR technique as
reporied by several authers [1 1o 4] is presented.

The nuclear spin of atoms in materials is the primary phenomenon in NMR
spectroscopy. Essentially some nuclei can be thought of as tiny spinning particles.
Since nuclei are charged particles, their spinning creates a magnetic field around the
nucleus, which is called a magnetic moment. The magnetic moment () is a
measurable vector quantity which can he used to describe the strength and direction of
the magnetic field. The magnetic field of a spinning nucleus is analogous to the
magnetic field of a tiny bar magnet [1].

In gencral, the direction of the spins of pretons will be oriented randomly.
However, when placed in an external magnetic field, B, the nuclei will all try to line
up with the direction of the ficld as shown in Figure 1. The orientation of the
protens will either be parallel or anti-parallel 10 the magnetic ficld, as shown in the
figure. Furthermore, quantum mechanics shows that for protons (the principal isotope
of hydrogen) the spin does not align exacily with the extcrnal magunetic field, but
rather it tilts at an angle 6, as shown in Figure 2, The magnetic dipoles then begin
to precess about the direction of the external field. The precessional movement of
the magnetic morent vectors form the surlace of a double cone as shown in Figure 3.

Although the spinning protons attempl Lo line up with the magnetic field, they
never actually achieve this. This can be understood by considering the classical
motion of a magnetic moment in a magnetic field. The magnetic ficld, B,, will create
a torque on the magnetic moment, g, equal to the cross product of the two vectors,
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Figure 1 Nuclei Orientation: (a) in the Abscnee of Bxtamal Magnetic Licld; (b3 in their Presence of External
Mugnetic Field (McMurry, 1988),
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Figure 2 Inclination of Magnefic Moment with Respect to External Field.

Flgure 3 Precassional Motion of Magnetic Moments. Due 0 Random Phases, Transverse Components of
ladividual Spins Cancel Out.
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T=Uux8. (1}

Since this is a cross preduct, the wrgque will only alter the component of the
angular momentum perpendicular to @ and B, Therefore, the magnetic moment will
rotate aboul B, at an angle 8 and will uace oul a cone about B,,. In other words, the
spinning proten will be pulled rowards the direction of the external magnetic field, bus
will precess about it instead. This motion can be thought of in terms of spinning top.
The top will never ling up perfectly with the force of gravity. bul will wobble slightly
about it (precession), The top would wobble faster if the gravitational forces wers
increased, just as the proton will precess faster if the magnetic Reld is increased [1].

It should be noted that the rate of precession depends also on the ype of nucle,
In fact, the angular velocity of precession, also called the Larmor frequency, is eyual
to the product of the magnetogync ratio {a characteristic material constant). y, and
the magnetic ficld, B, |1}

w,=7¥8. {2}

It is at this peint that the phenomenon of resonance can be understood. If an
adduional weak magnetic field, B, supplied by a tadio frequency (RF) through a coil
wrapped around the sample, is applied in a direction perpendicular o B, it will also
apply a foree on the magoctic moment. Since the direction of B is fixed, it will
allernalely try to increase and decrease the angle 8 as o travels around the cone
{with Irequency @), However, if the B. field is rotaiing at exactly the same frequency
as the precession of i, then the ficld will “pull” on the magnetic moment ar all times.
Thes coherent force pulls the magnetic moment away rom B, and causes it to flip
1o Lthe ant-parallel energy state. This is what is called “resonance.”

Magnetic resonance signals can only be received il transverse magnetization — thar
is, magnetization perpendicular o B, — is created, since it is the transverse
component. M,,, which is time dependent and thus according 10 Faraday’s Law of
Induction can induce # veltage in a receiver coil. Transverse magnetization is created
if a radio frequency field of amplitude, B, in resonance with the precessing spins is
applied in a directicn perpendicular to the main field. If the duration of (the B, field
is such that the net magnetization is rotated by an angle of Y0 degrees, it will
become transverse, that is, perpendicular w the static ficld, B, [1].

Before a system is perturbed by a radio frequency, all the magnetization oceurs
along one axis. let’s say » axis. At Ihis stage, the transverse components ol the
magnetic moment cancel each other. e, M, = M, = Q. But in order to obtain
resonance, the system must be perturbed. This is done by passing an RF alernating
current through a coil wrapped around the sample space as shown in LFigure 4. Al
this tme, the nuclear moments do nol have the sume components in the xy-plane.
Therelore, they can no longer cancel out and there will be a resultant magnetization,
M,,. transverse fo the external ficld |2]. The magnetization is no longer static and the
rotating vector M, induces an RF current in the coil around the sample which can be
mecasured as a signature for the material being tested. It is noted that the net
magnetization is of interest, ie.. the magnetization lor the whole sample.
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Figured RF Current Applied 10 Induce Transverse Magnetization.

Relaxation Process

If a system in equilibrinm is perturbed, and if upon removal of the perturbing influence,
the systern is retumed to its original condition, the system is said te have relaxed [2].
The relaxation normally is not instantanecus, but it takes a finite amount of time,

In NMR measurements, the relaxation can be somewhat described by a characteristic
nme T. If the relaxation is fast, T is small; on the other hand, if the relaxation is
slow, T is leng. The relaxation hehavior of nuclear spins shows up directly in their
NMR spectra and is related 1o the dynamics of the system. Therefore, relaxation times
are extremely important in studying the physical and chemical properties of a system.

Spin Lattice Relaxation Time (T,)

For a system in equilibrium, all magnetization eccurs along one axis, Jet's say z axis.
When a 180° pulse is applied to the system, the magnetization is flipped entirely to the
{-z) direction, as shown in Figure 5. Mo transverse components are created. The
magnetization is inverted, and following the pulse, the magnetization decays to zero
and then builds back up e its original strength. The time it takes 1o do this is T,.
However, since there is no transverse magnetization, there is no NMR signal.
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Figure 5 Pulse Sequence for Measuring T,

In order to monitor the spin-lattice relaxation, a pulse sequence called inversion-
recovery is used. A 180° pulse is first applied to invert the magnetization, After a
very short time, 7, a 90° pulse is applicd which rotates the magnetization into the
ransverse plane. The resulting signal is monitored and the T, is measured.

Spin-Spin Relaxation Fime (1)

After the magnetization is rotated into the transverse plane, the NMR signal decays
hegause the transverse compenent ef the magnctization decays. However, the decay
of the signal takes place even faster than expected duc 1o the inhomogeneily ol the
magnetic Neld. In other words, since the magnetic ficld is not homogeneous, each
nuclel will experience a slightly differene ficld. The different fields will cause nucle
to precess either faster or slower than assumed. As a result, sone magnetization
veclors advance faster than others and the magnetization “fans out™ as shown in
Figure 6 [2]. This causes the transverse magnetization to decay more quickly. The
time constant agsociated with this process is called T,

The inhomogeneity of the magnetic field is cavsed by inhomogencities of the
magnets themselves as well as the spatial lecations of the nuclei.

Free Induction Decay (FID)

Upon removal of the perturbing influence or the radio frequency field the magnetization
is subjccted to the effect of the external static magnetic field only, and hence,
precesses about it. During the post-exciiation period or “free precession” period afier
the RF field has been removed the magnebzation mduces a veltage in the receiver coil
placed in the transverse plane. The transverse magnetization, M, causing the induced
voltage, will decrease 10 zero with the characteristic time. Ty, and so does the
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Figure f  Fulse for Measuring T, and Out of Phase Transverse Magnetization Due to Random Precession
Frequency.

ampliide of the detected voltage [1]. The signal received in this process is termed
“Frec Induction Decay (FID)." This signal is in the form of a dampad oscillation. The
initial signal amplitude is proportional to the ransverse magnetization. Because the
transverse magnetization itself is proportional to the number of nuclei excited in a
particular sample, the differences in the hydrogen density becomes discernible in the
NMR response [1].

It should alse be mentioned rhat the values of T, and T. may be equal or they
may differ by orders of magnitude, but T, 15 always shorter than T, because M,,
decays much faster than M, is reestablished. The signal derived from M,, disappears
well before the equilibrium is achicved.

The Carr-Purcell Pulse Sequence (Spin Fcho)

In practice, the magnetic ficld generated by electro- or super-vonducting magnets
has always some degree of inhomogeneity. The effective or observed value of T,
defined by T,* which includes the elfects of the magnetic field inhomogencity is
always shorter than T:. Another factor affecting T, is a random relaxation field caused
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by the interaction among the tiny magnetic fields of the nuclei themselves. The
phenomenon is imirinsic and is independent of the instrumental imperfections. These
two processes are different in that the first one acts continuously and is constant at
each part of the sample so0 that in pnncipal it can be comecied, while the second one
is random and vnpredictable and cancels out [2]. Accurate estimates of T., however,
are obtained using a spin-echo measurement called the Carr-Purcell pulse sequence.

If a 90° pulse w5 applied, all the magnetization M,, is in the xy plane, but dilferent
parts of the sample have different angular velocities due 10 the inhomogeneities of
the magnetic leld. Consequently, some spin-nuclel move zhead of the average
angular velocity while some others lag behind, After discontinuation ol the 90°
pulse, the ransverse magnetization M, will decrease and may even becorne zero if
magnetic field inhomoegeneity is large. The inibal transverse magnetization, however,
can be reestablished after a ime lapse T seconds by turning the partially dephased
magnetization over inlo a mirror image position, This 15 accomplished by applying
a 180° RF pulse along x, T seconds after the imbal 90° pulse. The nuclear sping
continue (o precess, but afler another T seconds, they will come into phase and the
transverse magnelization M, will again reach a maximum |2]. The I8(¥ pulse is a
refocusing pulse and the ntensity ol the spectrometer output rises following this
pulse 0 a maximum 7 seconds afier, and then it decays again. Subsequent 180°
pulses will refocus the magnetization, which could be refocused indefinitely if the
applied pulses were perfect. The refocusing does not work for the random relaxation
process, As a resull, the duration of the experiment is limited by intrinsic transverse
relaxation. In fact, the echoes decay m intensity at a rate determined by the real T,
which can be measured from a plot of mtensity versus time. The significance of
these echoes will become more ¢lear in subsequent sections on applications of NMR
where Ty are determined lor concrele samples.

HI-NME Spectroscopy

The hydrogen proton due 1o its simplicity and relative abundance lends itself very
well 1o NMR spectroscopy. In fact, it is often given its own branch of NMR called
protom- or H-NMR spectroscopy. The intensity or height of the signal is proportional
to ¥, where ¥ is the magnetogyric ratio (4). Hydrogen proton has the second-highest
magnetogyric ratio known and therefore this explains why it is so popular for
NMR experimentation.

Chemical Shift

Another phenomenon that needs to be referred to is called the “chemical shift.”
Without this phenomenon the application of NMR would be limited. Different nuclei
would rescnate at different frequencies due to vanation n ¥y, but these differences
would be hard to quantify. The chemical shift arises because of the way that the
electrons shield or screen the nuclei from the external magnetic field. This shiclding
can be quantified. Furthermore, electron motion can be related 1o the position of a
nuclens in a molecule. It fellows that the position of a nucleus in a molecule can then
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be related to the electron shielding. As a result, the chemical shift causes (he NMR
signal to behave sliphtly differently for nuclei in different chemical environments. It
18 this shght difference, lfor example. that makes it possible to distinguish protons in
free water molecules from proton in bond hydrogen in concrete. These difierences
exhibit themselves in NMR signals. as will be demonstrated in subsequent sections.

Previons Works

Several researchers have used NMR to investigate the hydration and chemical
reactions taking place between water and cement. However, no Teport was lound on
relating the mechanical properties of concrete, such as the compressive steength to the
NMR response.

Blinc and Lahajnar [3] performed spin-lattice magnetization recovery measurements
of exchangeable water in ordinary Portland Cement {OPC) and white cement. Such
measurements allowed for an almost continuous momitoring of the evolution of the
fracta] geometry ol cenient geis with hydration time.

Schretner and MacTavish [6] studicd the spin-lattice relaxation time of hydrated
cemenl pastes. The results oblained alfowed a characterization of the [raction of water
protons relaxing toward the lattice with different relaxation times T,.

MacTavish and Miljkovic [7] compared the behavior of whitc cement (small iron
content) and OPC (contabning Fe,0,) using NMR. Both tvpes of cement were mixed
with doubly distilled water in the ratio 0.42 g owaterfg dry cement. The results
indicated that the loss of signal from protons in the lquid-like cnvirenments in OPC
is significantty different from the corresponding loss in white cement. The difference
between the liquid water signals from these two samples is the result of the strong
magnetic inleraction between the Fe atom’s electric spin and the waler in its vicinity.

Runim and Haranczyk [8] investigated the use of NMR in hydrating cement te
differentiate between protons which were in liguid phasgs and those embedded in the
ngid strueture, The FID of the protons was measured at 30 MHz room temperalure,
From the results of the tests, they concluded that NMR can be used to guaniify the
amount of water consumed by (he cement matrix.

Lasic and Cerbett {91 swudied the spin grouping of NMR investigate  the
composite proton signals in solidifying cement paste. The experiments were performed
on synthetic white cement samples (W/C = 0.42) al room temperature. Using the
NMR signals, they were able to distinguish between the water molecules in the coatings

and ameng the hydrated cement grains, and the water molecules in the gel und the
crystalline products.

SAMPLE PREPARATION AND TESTING METHOD

Two types of tests were performed: nondestructive NMR tests and standard
compression lests, The samples were prepared using rwo different W/C ratios: 0.42 and
0.62, by weight. All sumples were prepared using OPC Type [N, The maximum
aggregate size was 9.5 mm (% in.). Standard 100 mm x 200 mm 4 in = & in)
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cylinders were cast for the compression tests. Samples for NMR testing were placed
in 15 mm diameter by 125 mm high (% in. diameter by 5 in. high) test twbes, It
was very important that the concrete samples contained in the test tubes would
replicate as much as possible the mix and moisture content of the samnples contained
in the cvlindrical plastic melds for destructive compression tests. Consegquen(ly, the
concrere used to make both kinds of samples came from the exact sume mix.
Furthermore, in order to keep the level ol 1otal waler contenl constant, both
cylindrical and test tube samples were sealed with a layer of paraffin wax and they
were all kept in a room with constant temperature. Figure 7 shows a typical NMR
test tube sumple,

The compression strength (ests and the NMR tests were perfonned at the following,
times (hours) alter the cerment and water had been combined o initiate the bydration
process: B, 12, 24, 28, 72, 168, 336, 504 and 672 hours (28 days).

The NMR samples were tested in a 20 MHz NMR spectrometer. The samples
were placed inside an NMR probe surrounded by an external static magnet and
wrapped with a coil for inducing and receiving RF signals as shown in Figure 8. A
schematic of the 200 MHz spectrometer used for the NMR samples is shown in
Figuore 9. Figure 1O is an illustration of the graphic display generated by the
spectrometer when scanning the saniple. Due to the high degree of inhomegeneity in
the samples. the FID curve {total intensity of magnetization) presented a very fast
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Figure 10 Schematic of 1isplay Gencrated by NMR Testing.

decay. Once the FID curve had decayed completely, the magnetization of the free
water would be brought back by using the Carr-Purcell sequence previcusly discussed.
For every time that a cyele of the sequence was completed, an echo would be
generated. However, due 10 the inhomogencity effect. not all of the original
magnetization could be recovered, and in lact, the amount of magnetization that could
be recovered with successive cycles ol the CP scquence was every time smaller and
smaller; i.e.. each echo was smaller than the one before. A line that would join
the peaks from each echo was called the echo envelope. The echo cnvelope was a
representaiion of portion of the magnetization that was due to the free state waler
present in the sample. Both the FID curve and the echo envelope were approximated
by straight lines.

The twial amount of magnetization, 1,, present in each sample was due to the
water present in free state (physical water) and the waler (hat had undergone hydration
with the cement grains {chemical water). The fraction of the magpetization that
was due to the physical water was labeled, I, and the fraction of the magnetization
that was due 10 the chemical water was labeled, 1.. The functions that were osed 1o
approximate the FID decay and the echo envelope were labeled Fe™ and FJ*.
respectively. 1, and I, were obtained by extrapolating Fro' and F." back to their
respective t = 0 values. 1, was obrained by subtracting I, from T The previous
discussion is best illustrated in Figure L1,

In order to obtain the spin-spin relaxation time for the physical water. Ta. it was
necessary to normalize F" with respect o 1,. The normalized function resulting from
this was labeled 1", As reported by Jameson and Mason [10], the refaxation processcs
follow an exponential law depending on the excess number () of excited nuclei
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Figure 1k Functions for FID Decay and Ceho Envelope.

compared to the number at equilibrium, so that the excess at time ¢ after excitation
is given by
o= p, exp (-1 (3)

where, n, = energy excess al time t: n, = energy cxcess at time rero; 1 = time after
excitation: and T = relaxation time. T is a lime constant characteristic of the system,
such that the relaxation rate is T '. The spin-spin relaxation time (T,} gives the rate at
which the magnetization M., in the direction transverse to the applied field B,
{xy-plane) returns to its equilibrium value afier excitation. For simplicity, T, has been
defined as the time lapse. required for the energy excess to decrease by a Factor of e
{(~2.7183). Consequently, T, was determined rom a graph of the normalized function
versus time as shown in Figure 12. As seen in Figure 13, the procedure for
determining T is identical to that for Ty, except that the normalized function, f%
is obtaincd by subtracting F,” from F,,," and then normalizing the difference with
respect to, L.

RESULTS

In this section, the resulls of NMRE tests are discussed and correlated with the
cOmpression test resulis.

The variation of compressive strength, £, of all compression cylinder tests with
time is shown in Figure 14. The behavior is typical of that expected from curing
concrete during its first 28 days.
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Figure 14 Variations of Compressive Sirength of Conerete Cylinders with Time.

Figure 15 and 16 show the variation of percent of magnetization versus time for
samples with W/C of 0.44 and 0.62, respectively. As can be seen from these figures,
the behavior is almost bi-linear indicating # large amount of hyvdration activities
during the initial times after casting. As the free water in the samples is consumed
during hydration, its quantity (represented by percent of magnetization) is decreased.
At the same time, the quantity of chemically bond waler is increased. Since all kinds
of evaporation was prevented, the sum of the physical (free) water and chemical {bond}
water at each measwrement is 100 percent indicating the rotal water content. It is
interesting to compare the variation of compressive strength with time (Figure 14) to
the plots shown in Figurcs |5 and 16. The fast rale of increase in the compressive
strength during the initial hours is almost directly related to the fast increase in the
percent of magnetization of the chemical water. This behavior has of course been
verified by other techniques. However, its recomfirmation here points out to the
suitability of NMR technique fer studics related to the hydration behavior of
concreéle. Figure 16, showing the relationship for sample with W/C ratio of 0.62,
indicates a Matter slope in latter part of the hydration as compared with that in
Figure 15. This indicates that, due to the availability of more waler, most of the
hydration ook place during the initial hours, i.e.. the first 48 hours. Furthermore, af
28 days (last point on curve) the percentage of remaining free water is more than
that for the sample with W/C ratio of 0.44 (Figure 13).

Figures 17 amnd 1R show the spin-spin relaxation times for free waler, Ty, versus
time of hydration for samples with W/ ratio of 0.44 and (162, respectively. The
behavior was aimost an exponential decay for both W/C ratios. The relaxation times,
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however, for the samples with W/C of 0.62, on the average, were larger than those
with W/C of 0.44. For example, in Figure 17 (W/C = 0.44), T;,, decreased from about
2600 p seconds at & hours of hydration time to 700 p seconds at 28 days. The
corresponding, Ta,, valves in Figure 18 (W/C = 0.62) are 3300 y4 seconds and 1300 g
seconds, respectively. This is another indication ef the sensitivity of NMER signals to
the amount of water present or consumed during the hydration process in concrete.

As owas indicated earlier, one of the objectives of the present study was to
comelate the compressive strength of concrete to its pertinent NMR signals., Here an
attempt 15 made 10 correlate the percent of magnetization of physical water, T, and
the spin-spin relaxation tme of physical (free} waler, Ty, 10 the compressive sirength
of concrete during the first 28 days ol curing.

Figures 19 and 20 show the plots of I, versus compressive strength during the
first 28 days for samples with W/C of 044 and (062, respectively. The numbers
shown next to the cross-marks on the figures represent the time in howrs since
casting. An almost linear relationship exists between the reduction in the amount of
physical water and increase in compressive strength during the first 28 days of curing.
Similar behavior is also observed in Figures 21 and 22 where the spin-spin relaxation
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Figure 19 Percent Magnetization of Physical Water vs, Compressive Strength (w)c = 0.44).
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time for physical (free) waler Ty, is plotted, versus compressive strength of conerete
as hydration progresses for samples with W/C of 0.44 and (.62, respectively. In
Figure 22, at 24 hours, apparently there was some type of measurement crror
invelved since this one point docs not seem o follow the overall straight line pattem
of the behavior.

The relationship berween I, and £ and T, and I, could be studied more and
relined further for potential application in nondestructive in situ evalyation of strength
properties of concrete in the field. However, a possible major difficulty in such an
endeavor is the presence of reinforcing bars in concrete, which alfTect the magnetic
held. For such applications, techniques are required to filler out the effects of
reinforcing bars within the concrete. Some of these subjects are currently under
investigation al the University of Arizona.

CONCLUSIONS

The resulis of the investigation of hydration process of cement within concrete
using Nuclear Magnetic Resonance (NMR) indicate that this technique can be used
effectively to measure the exchange of physical (free) and chemical {bond} water
within concrete as hydration progresses. Additional correlations can also be obtained
between NMR rcsponses and mechanical properties concrete such as the compressive
strength. Plets of percent of magnetization of physical water, L, and spin-spin
relaxation tinte for physical water, Ty, versus compressive strength indicated an
almost linear relationship. Such relationships could potentially be used to develop
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and calibrate portable equipment for field evaluation of strength properties of
concrele. Development of such equipment is feasible. In fact, the system used in this
study was as big as a desk top computer. Before field application, however, the
presence of reinforcing bars in conercte, and (heir effects on NMR signals, need to
be investipated,
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