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New techniques for quantitative mapping of T,, T,, and T3 spin—spin relaxation times29, 3Q; however, the observed
are proposed, based on the single-point imaging (SPI) method, decay is a complex mixture df, (Spin—-spin relaxation) and
for materials with short nuclear magnetic resonance relaxation T,, (spin-lattice relaxation in the rotating frame) time con-
times which cannot be imaged with traditional methods. Re- Stall)nts, which complicates the interpretatiodl,(32. SPI/
laxation times extracted from two-*dimensional images of uni- SPRITE techniques span the range of relaxation times acce
form doped agarose phantoms (T =~ 60-210 ps) as well as sible via the STRAFI and oscillating gradient echo technique:

hardened mortar (T3 =~ 220 us) and polymers (T3 ~ 20-100 ) o ?
ps), using these techniques, agreed with bulk measurements. without the need for specialized equipment or hardware mo

The method was then applied to a partially dried cylindrical ificgtions. SPI techniques _have. been U.SEd to image samp
concrete sample (T% ~ 115 ps). © 1088 Academic Press which range from longd ', animal tissue, with resolution of 8

5 X 50 wm? (33), to shortT, polymers #). The principal
restrictions on both the resolution and sensitivity of SPI teck
INTRODUCTION nigues are the RF probe deadtime and maximum gradie
strength, as well as molecular diffusio83}.

The recent development of broad-line imaging techniquesin the present study, we wish to introduce a systematic stu
(1-3 has led to a renewed interest in MRI of industriallybf four new relaxation time mapping methods to quantitativel,
relevant materials ranging from polymers and cerami¢$)( mapT,, T,, andT%, based on the SPI/SPRITE technique.
to porous rocks®, 7) and building materialsg—10. One of
the most promising of these solid state techniques isititge-
point (or constant timejmaging (SPI) technique, originally
proposed by Emid and Creyghtohlj. A number of variations

have been proposed in the literatuE2{13, including our ne; CA) 2.35 Tesla 32-cm i.d. horizontal bore superconduc
own development, SPRITEI(gle-pointrampedmaging with ing magnet. The gradient sets used were a water-cooled 20-

T, enhancement)1(5). We have demonstrated the usefulness ofy - eit.shielded gradient set (maximum gradient 10 G/cm
SPI/SPRITE for imaging cemeng)(and concrete 16,19 4nq 5 7.5.cm i.d. water-cooled gradient set (maximum gradie

mgterigls, which have short transverse and Ior!gitudinal relaygo Glcm). Both were driven by Techron (Elkhart, IN) 778C
ation times, as well as for space resolved calorimetry and Py iifiers. Experiments were performed with a Tecmag (Hou:
size distributions 18, 19. _ _ ton, TX) Libra S-16 console at ambient temperature, usin
. A large pody of work exists in the Iltgrature concerning thBomebuilt bird-cage coils, driven by a 2-kW AMT (Brea, CA)
interpretation of bulk NMR relaxation times in materiaO¢ 3445 RF amplifier. All parameter values and standard errol

22). For inhomogeneous materials, however, measurement$,fi,ined from the fit data were determined using the Leve

bulk are not sufficient because the NMR relaxation times Wwerg—Marquardt algorithrr3d).

vary spatially @3-29. The oscillating gradient recalled echo  rp¢ yajidation images shown are of three different phar
method has been used for relaxation time mapping of POroiigns chosen to demonstrate the range of relaxation tim
water saturated materials; however, technical limitations on the.-h can be mapped using these methods. The phantol
oscillation period TEpi, ~ 200 ps) limit the shortest mea- e mselves have uniform relaxation times, so as to be able
surable relaxation time 2(, 2§. The stray-field imaging compare the values obtained from the mapping to the indivic
(STRAFI) technique has been employed to map very shopky ik values. Two of the phantoms were 12-mm diamete

Mn(ll)-doped 1% agarose gels (Sigma Chemical), with bull

1 To whom correspondence should be addressed. T,’s 0of 210.4+ 0.4 us and 65+ 2 us, andT,’s of 2.58 + 0.01

EXPERIMENTAL DETAILS

Imaging methods were implemented on a Nalorac (Mar
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ms and 0.7G+ 0.01 ms, respectivelf.% relaxation times were a o,
equal to that of thd,, due to the fact that line broadening due RF I_P..
to field inhomogeneities was insignificant compared to the
spin—spin relaxation. The third phantom was a 10 mni0
mm X 25 mm white Portland cement mortar sampRlinc et

al. (22) have shown thal; in hydrated cementious materials
can be described by a stretched exponential, which corresponds Gy
to the fractal geometry of the pore structure. Bulk values for C

the mortar, fit to a stretched exponential, wéte= 1.28 +
0.02 ms & = 0.69 = 0.05). TheT? of the mortar was best fit
to a single exponential with a decay constant of 218 us.

TR )

p

=
RF |II.llIII.I.IQI‘I.I.I.l.l Ql.l.lO

BASIC SPI/SPRITE METHODS ”FRI
GX
We will first consider general properties of the SPI method. —

The signal amplitude in the longitudinal steady st&8gefol-
lowing a brief (broadband, non-slice selective) RF pulse, G
from any point in the image is given by Eq. [1],

FIG. 1. (a) Single point imaging (SPI) 2D sequence. The image is phas
encoded with amplitude cycling of the gradient along the imaging axis. /
1- exp( — ) single point is acquired timg, after a brief (broadband) low flip angle RF

S=pexpg — i Ty sin [l] pulse,«, is applied in the presence of the gradient. The encoding tirtesisd
T’é TR ' the RF pulse repetition time iSR. (b) SPRITE 2D imaging sequence. The
- - T gradient is stepped with an RF pulse at every gradient amplitude, which lea
1 — cosa-ex T dient i d with | di litud hich |
1

to imaging times which are decreased by as much as an order of magnitu
compared to SPI. We typically employ 64 or 128 steps each of approximate
1-4 ms duration. A second phase-encode gradient is amplitude cycled

Wheretp is the phase encoding timé&R is the repetition time encode the second dimension. The encoding tinyg &nd the repetition time,

between successive pulsess the spin density, and, andT’; TR, is the time between subsequent RF pulses at each gradient step.

are the spin-lattice and effective spin—spin relaxation times,

respectively. Equation [1] assumes that the transverse magne-

tization has completely dephased between successive RF NEW RELAXATION TIME MAPPING METHODS

pulses, so as to prevent the formation of echdés 89, and .

that the RF pulse bandwidth was sufficient so as to ensuSrgRlTE % Mapping

uniform magnetization rotation angles throughout the sample By examining Eq. [1] we can see that by using a |arHg,

at all gradient values3Q). and/or a small RF flip angley, we obtain an image of spin

The two-dimensional SPI pulse sequence is shown in Fidensity,p, weighted purely by the local'®,

la; the extension to three dimensions can be achieved by the

addition of a third phase encode gradient. Images acquired to

using SPI are free from distortions due to chemical shift, Sxp EXP<—-|—»§) : (2]

susceptibility variations, anB, inhomogeneity 9). The use

of pure pha_se-epcodmg t_ec_hmques prodgces Images Wh'ChT‘flu%refore, by acquiring a series of SPI images with variabl

not_have a linewidth _restrlctlon on resoluuc_m which Is 'nhere@hcoding timey,, we could obtain a spatial map af%, as

to time-based sampling (frequency encoding) technigB®s ( o iously described by Axelsoet al. (4). Here we propose

We have previously applied this idea to the SPRITE 'mag"{)ﬂe use of the SPRITE sequence to obtainTtenap. The use

sequence1p), as shown in Fig. 1b. The use of the rampeds spR|TE instead of traditional SPI methods allows us t

phase gradient in SPRITE allows us to obtain images Wilkher acquire the image faster or, conversely, better define t

greater speed, and with lower overdB/dt, which minimizes 1+ gecay curve, through more experimental time points, in th

gradient vibration. same amount of time as the analogous SPI experiment.
When T% mapping with a variable,, we must adjust the

2 Water/cement= 0.5, White Portland cement, 2 mm maximum aggregatélagnitude of the gradient step size in order to maintain
(quartz), 3 months moist curing. constantk-space stepAk = (y/27)AG - t, (FOV = 1/AK).
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FIG. 2. (a) The 2D SPRITH %-weighted image, shown here foy= 80 us, of two Mn(ll)-doped agarose gels, with bul%’s of 209 + 1 us (lower left)
and 65+ 2 us (lower right), and a cube of White Portland cement mortar (top) év@5, 3 months of curing), with a bulk% of 218 + 1 us. Images were
acquired at 14 different encoding times ranging from 60 to pd4Pusing a RF pulse repetition timéR, of 2 ms and 24° flip angle pulse). The bright ring
observed in the gel phantoms is due to the meniscus formed by the gel in the glass vial. A small amount of masking tape is visible in the image to the
the most heavily doped gel phantom. (b) Plots of average image intensity from all three objects in the imeadepig@l ROI). TheT?% values are 206 5
us ©) and 63= 2 us (V) for the two doped gels and 21t 7 us (©) for the mortar. Error bars are the standard deviation of pixel intensities within the 5
5 pixel ROI. Error bars are largest for the mortar due to the heterogeneity of the material.

In principle it is possible to acquire multiple data points on theespectively, which agree very well with the previously state
free induction decay. Note however that because they will halvalk values.
different encoding times,,, images reconstructed from each A second two-dimensional >, mapping experiment was
separately will have varying FOV. Such images will also hawbken performed using a poly(ethylene) polyméi,( ~ 400
a variableT% weighting, Eq. [2], and therefore are appealingns), to demonstrate the ability of this experiment to resolv
for T% mapping. We feel however that a simple pulse sequenigieexponential relaxation components, and to show the ma
with consistent FOV, in the first instance, is preferable. ping method may be employed for samples with sAdjtbut
Using this method we have obtained a two-dimensidrial long T, (shown in Fig. 3a). The phantom used was a 4-cm
map of the three phantoms described above. Fourteen imadiesneter poly(ethylene) cylinder, 8 cm in length, with a 2-cn
(64 X 64) were obtained with phase-encoding times rangifple drilled in its centre, into which was inserted anothe
from 60 to 540us, in a total imaging time of 7 h, with 32 signal2-cm-diameter poly(ethylene) cylinder. The inner cylinder o
averages, using a 24° RF flip angley8) and SPRITE gradient poly(ethylene), otherwise identical to the outer sample, unde
step length TR) of 1.5 ms. The FOV of the images obtainedvent prolonged exposure to light, and was visibly discolourec
was 8x 8 cm. A sample image from the data set, exhibifliig In these experiments the rigid crystalliig component £5
contrast, is shown in Fig. 2a. Plots of the average images) is not observed, due to hardware limitations on the shorte
intensity of a 5X 5 pixel region of interest (ROI) within the possible phase-encoding time. 'Blich has shown that physi-
phantom images versus encoding time are shown in Fig. 2b @@ and chemical aging can lead to changes in relaxation tim
each sample. Error bars are the standard deviation of thepolymer materials. These changes are often not very pr
average pixel intensities within the defined box. It was fourmbunced in theT,, T,, and T% time constants 40). Our
throughout the course of these experiments that the largegperiments have shown that the samples fgyelifferences,
error was not due to pixel to pixel variations, but rather due tmut they do not appear to have significantly differélr
changes in the instrumentation (e.g., probe tuning) during trelaxation behaviour. The average bulk values for the tw
course of the experiment. Values fo% obtained from the fit observed components were 18:00.1 us and 94.9+ 0.1 us,
image data shown in Fig. 2b were 2665 us, 63=* 2 us, and which correspond to the mobile crystalline (or highly immo-
211+ 7 us for the two Mn-doped gels and the mortar sampléjlized noncrystalline) and amorphous phases, respectidely (
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FIG.3. (a) The 2D SPRITH %-weighted imaget,, = 40 ps, of a 4-cm-diameter poly(ethylene) cylinder, with a 2-cm-diameter hole drilled into its centr
into which was inserted a second poly(ethylene) rod. Images were acquired at 18 different encoding times ranging from 46,tosk@a TR of 4 ms and
6° flip angle RF pulse. (b) The logarithmic plot of average intensity of>a 5 pixel ROl from an arbitrary position gave two exponentials of 14.0.8 us
and 93.8+ 0.6 us, which are reasonably close to the bulk values of ¥8@1 us and 94.9= 0.1 us. Although experiments show that there &g differences,
no significant difference i % behaviour was observed in the two poly(ethylene) phantoms.

The images (64< 64) were obtained using 18 different phaseassuming thél'R is long enough so as to allow complélg
encoding times ranging from 40 to 48@s, and 24 signal recovery between sequential RF pulses. Sids a constant,
averages, using a 6° RF flip angle and SPRITE gradient stbeT? decay is simply a constant weighting term, and the onl
length of 4 ms. The FOV of the images obtained was»@.8.5 variation between images is due T recovery.
cm. The plot of the average image intensity of &% pixel The T, mapping method was tested in two dimension:
ROI versus encoding time is shown in Fig. 3b. ValuesTgr using the same three phantoms. A sample image from tl
obtained from the fit image data for thexs5 pixel ROl were data set, this time exhibitin@, contrast (the mortar sample
14 = 1 us and 94+ 1 us, which agree reasonably well withhas been “nulled”), is shown in Fig. 5a. Plots of averag
the values obtained in bulk. intensity of 5 X 5 pixel ROIs within the three phantom
images versus inversion time,are shown in Fig. 5b. When

SPI T, Mapping

1800

OL_Jr proposed’1 a_nde mapping techniques employ_SPI to RF_I . (Ix—thn
obtain the image, with some form of spin preparation imposed
before acquiring the SR¢-space point. From Eq. [1] we see ty
that for a large flip angleg, and aTR on the order of th&,,
we can introducd’, contrast into a SPI image. The measure- Gx @
ment is however more sensitive if we introduce a longitudinal
recovery, following magnetization inversion, before sampling G @
the SPI point, as shown in Fig. 4. By varying the delay time y

between the 180° inversion pulse and the sampling pulse, @
we obtain images with local intensity weighted @y, as )
shown in Eg. [3]

TR

FIG. 4. The 2D SPIT,-mapping sequence. A 180° inversion pulse is
applied before each step of the standard SPI imaging experiment. The shor!

t r delay time between the inversion pulse and the low flip angle sampling puls
Sxp exp< _ p) [ 1—2 eX[< - [3] a, is determined by the finite settling time of the switched magnetic fielc
Ty

T% gradients,.
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FIG. 5. (a) The 2D SPIT,-weighted image of two Mn(ll)-doped agarose phantoms Witls of 2.58 = 0.01 ms (lower right) and 0.7& 0.01 ms (lower
left) and a mortar sample with®, = 1.28 = 0.02 ms & = 0.69 = 0.05), shown here with an inversion delayof 850 us, chosen to null the mortar sample
for this displayed image. Images (9 cin9 cm) were acquired using 12 inversion delags;anging from 40Qus to 15 ms, with &, = 60 us, and a RF flip,
a, of 24°. (b) Plots of average image intensity from three different points in the images(pixel ROI). T, recoveries for the doped gels were fit to single
exponentials, giving values of 0.68 0.03 ms () and 2.62+ 0.07 ms [J). The data for the mortar were fit to a stretched exponential recovery, giving+1.32
0.09 ms & = 0.69 = 0.05) (V) for the mortar. These results agree with the bulk values of 8701 ms and 2.5& 0.01 ms for the gels, and 1.28 0.02
ms (@ = 0.64 = 0.01) for the mortar. Error bars are the standard deviation of pixel intensities within h& Hixel ROI.

the data for the doped agarose gels were fit to a singé®l T, Mapping: CPMG Method
exponential recovery, values ®f = 0.68*+ 0.03 ms andr’;

= 2.62 = 0.07 ms were found, which agree with the bull§e
values. When the average intensity of ax55 pixel ROI

The method we propose for spatially mapping the spin—spi
laxation time,T,, requires spin preparation with a CPMG
: ) echo train with subsequent acquisition of the SPI point a
from the mortar was fit to a stretched exponential, W&, in Fig. 6. We interrupt the echo train afterechoes,
obt.amed a valug ofy = 1'32_i 0.09ms ¢ = 0.69+ 0.05) ; giore the transverse magnetization, then switch the field gr
which agrees with the previously stated bulk values. Theﬁ%nt on and sample thE,-weighted longitudinal magnetiza-

values are also comparable to the values obtained by BlifG, with a low flip angle pulse. The-storage is necessary in
et al. (22), and demonstrate the ability of this method to

resolve multiexponential; behaviour, even for very short

T,’s. As illustrated schematically in Fig. 4, there is a lower I Bl oy,
limit to the smallest delay value which can be used, due to RE_Jorg=>
the finite rise time of the gradient. However, even witfs > -y
< 1 ms, satisfactory mappings can be obtained with gradient Gy nloom =
switching times of several hundred microseconds. The map- ——
ping (64 X 64) was acquired with 12 inversion times rang- Gy )\
ing from 0.4 to 15 ms in 7 h, with 8 signal averages, using @
a 24° RF flip anglet, = 60 us, with a FOV= 9 X 9 cm. Gspoil ~

In this experiment we are limited in our minimum repetition
rate (TR) by 5 times the longest; we wish to map. Therefore, C . )

in order to obtain the mapping in a reasonable amount of time, ' o
the Iongesﬂ'l which can reasonably be mapped is about 30 mS.FIG' 6. The 2D SPIT,-mapping CPMG sequence. The magnetization is

. . . z-stored after a variable numbex,of spin echoes, and is then sampled and phas
We are developlng SPRITE'baS—ﬁg mapping methods which encoded using SPI in the usual way. Magnetizatistored on the- and— zaxes

are able to study samples with a sh@f}—long T, (such as s subtracted to eliminaf€, effects on the observed decay. A spoiling gradient is
polymers). needed to prevent the formation of echoes due to imperfect pulses.
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order to avoid spin dephasing of the magnetization during tivethe image. Performing the experiment witlstorage on the

gradient switch §8). It has the added advantage that it placgssitivez-axis, then repeating the experiment watstorage on

the “prepared” magnetization along the axis with the longette negativez-axis and subtracting thespace data, we obtain
relaxation time. We employed a spoiling gradient to preveatk-space representation of the object weighted by a pyre
the formation of echoes at low amplitude phase-encode steghscay term,
Repeating this experiment with a variable number of CPMG

echoes produced images whose signal amplitudes decay as a t, 2nr

function of T,. The z-storage will however introduc&, re- S P'EXP<— -|-*>e P<— -|-2> : (8]
laxation into the experiment, which leads to images which are

a function of both &, decay and &, recovery. _wherep' is directly proportional toM,. We could equiva-
A resolution to this problem may be achieved by considefsnly subtract the Fourier-transformed “real” profiles; how-

ation of the Bloch equations with appropriate initial condltlon%ver' by subtracting the-space data we avoid the necessity

We consider the magnetization in an arbitrary isochromat, aggl phasing the data. This method gives accurBienaps;

assume that this magnetization is spatially resolved and Vis{svever. the value ol incorporated intad,, cannot be
alized through SPI. The transverse magnetization, in our arebtained' from the expgrimental fit. The tl’ll’&o is most

trary isochromat, following a CPMG train af echoes 38) is reliably obtained in our samples with & mapping exper-

) iment. We have alternatively fit data obtained using simila
_ _ant methods with one-storage pulse to an offset, to take into
Myy(2n7) = Moexp< T, ) ' [41 account theT; recovery term 19).
Two-dimensional mappings of the same two doped gel
The echo may be stored on either the positive or negatimad the mortar were again performed, however, delay time
z-axis, depending on the phase of thetorage pulse. There-were only optimized for the longe€r, gel. A sample image
fore, initially following the z-storage pulse the longitudinalfrom the data set, this time exhibiting pufie contrast, is
magnetization from an arbitrary isochromat is shown in Fig. 7a. The fit data for the average intensity of .
5 X 5 pixel ROI within the longT, gel image is shown in
2nr Fig. 7b. The value obtained from the mappinglgf= 201 =
M,0) = iMOexp<— -|—2> : [5] 10 us agrees with the value obtained from the bulk CPMC
measurement. The mapping (64 64) was acquired with
1-6 echoes in 8 h, using 8 signal averages, with a 24° R

2

However, there is a finite period of timg, due to the settling i ;
time of the gradient, which restricts our ability to sample thiiP @ngle,t, = 60 us, with a FOV=9 X 9 cm. Figure 7c
“prepared” magnetization arbitrarily close to tiestorage 'S @ stackplot version of one of the negativehgtored 2D

pulse. During this time longitudinal recovery occurs. Thus, theP! T-Weighted images from the above data set (real con
magnetization at the time of the application of the low ﬂilponent). This plot clearly shows the longitudinal recovery o
angle sampling pulse is the shortT, gel (right, rear) which has recovered signifi-

cantly during the gradient switching timg)so as to appear
onr { { as a positive signal in the image, even though the CPM
M) = iMoeXF<_ T)eXF<_ T) + Mo[l — exp(— T)] i prepared magnetization was stored on the negatiaris.
2 1 1
[6] SPI T, Mapping: Variable TE Method

For gradient settling times on the order of the spin—lattice 1"€ CPMGT, mapping method suffers from the inherent
relaxation time, or longer, we cannot ignore theeffects. If, limitation that the time between successive points in The

however, we subtract the SPI-sampled magnetization storedd§2Y are time 2apart. This means that only a limited number
the negativez-axis after a time, from the SPI-sampled mag.mc _EChOGS can bt-_?‘ _vaulred for sampleg yv|th a very shgrt
netization stored on the positizeaxis in a subsequent exper-Which leads to difficulty in accurately fitting the data, espe
iment, we obtain cially in samples which exhibit multiexponential behavior. A
resolution to this problem is to use the same technique
) F{ 2n7) above, but with a single echo obtained with a variable ech
e

time 2r. The signal amplitude is then given by Eq. [9],

tg
Mz(+) - MZ(*) = 2M06X4 - T71 Tz

2nt , t, 27
= Aoexp< - T2> , [7] Sxp exp( - TZ) ex;( - Tz) . [9]

whereA, = 2M,e Y™ and is simply a constant at each poinThis allows us to acquir@,-weighted images with near con-



162 BEYEA ET AL.

b 1.2 ¥ T
1.0 -
=
é 0.8
8 ~
3 0.6 + =
e
Z 04t 3
2 |
=l
02r g |l
<ot
0.0 | i ! 1 f T’g |
0 200 400 600 800 1000 50 | |
Time (us) v -S'1|’
|

'
(=]

y(cm)

FIG. 7. (a) The 2D SPIT,-weighted image (CPMG Method) of two Mn(Il)-doped gels with bililks of 210.4+ 0.4 us (lower right) and 63t 2 us (lower
left) and a mortar sample (top), shown here after the second echo. The Mn(ll)-doped agarose phantom with th& stsontetsvisible in this image. Images
(9 cm X 9 cm) were acquired using 1-6 echoes at an echoTiEhe= 150 us, using &, = 60 us, and a RF flip angley, of 24°. Before Fourier transforming,
thek-space data for magnetization stored onthand— z-axes are subtracted to elimindtgdecay effects in the image series. Parameters were chosen to i
only the longerT, gel. (b) Plots of average image intensity from &5 pixel box average for the longer relaxation time Mn(lIl)-doped gel give a valu&for
of 201 £ 10 us (bulk value 210.4= 0.4 us). Error bars are the standard deviation of pixel intensities within thkeSpixel ROI. (c) Stackplot of the real
component of a 2D SPT, weighted image of the two Mn(ll)-doped gels and the mortar sample, using only negatiorage (no subtraction). The plot clearly
shows the longitudinal recovery of the sh@tMn-doped gel (right rear) during the gradient switching tirg@, (vhich has recovered significantly so as to appeal
as a “positive” signal in the image, even though all three samples were stored on the negaia.elThe longef, gel (front) and the mortar (partially eclipsed,
left rear) have sufficiently lond,’s so as to have remained negative during the gradient switching time. This demonstrates the necessity to subtract image
on the positive and negativeaxes, for samples with spin—lattice relaxation times on the order of the gradient switching time, so as toTemifeets.

tinuous time resolution; however, the measurement suffeféferent results, the difference may potentially be exploited t
from additional spin dephasing due to variable diffusiohelp determine the underlying sample heterogeneity. Howeve
through sample-based field gradients. We anticipate thatfor samples which are homogeneous, or for solids, this methc
samples where the CPMG and Hahn echo methods prodsbeuld provide accurate results even with very shigts.
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SAMPLE—PARTIALLY DRY CONCRETE CYLINDER = 04

As a practical demonstration of the techniques, we present % 00
results of relaxation time mapping of a 50 mm 70 mm = 04
concrete cylinder, containing aggregates graded to a maximum =
of 14 mm, drying from a single exposed fatelalperinet al. = 08 . , . . R
(21), Blinc et al.(22), and many others, have studied relaxation 0.0 05 1.0 15 20 25
parameters in fully saturated cement paste in an attempt to time (ms)
extract the pore size distributions (typically 1 nm—i (35)).
Concrete, however, is usually not fully saturated, and relaxb : : : :
ation parameters therefore vary in a way that depends notonly — 0 T
on the underlying pore structure, but also on the degree of £ 9 |
drying (16, 3. The relaxation times are thus inherently spa- %
tially dependent, which renders any bulk measurement less g 2 1
meaningful. Although the pores themselves are significantly 5 5 i
smaller than the resolution of an MRI image, important infor- : : ' :

mation on pore occupancy may be connected to the mechanism 0.0 05 1.0 L5 2.0 2.5
of concrete drying 16, 36, 37 through studies of the macro- time (ms)
scopic spatial variation of the relaxation times.
At the time of the experiment the sample had been dryind oF . . -
at 21 =+ 2°C and 40+ 10% R.H. telative humidity) for =
three days, following a moist curing period of seven days. g {
Bulk measures off; and T, were both multiexponential 2 i
(16, 19, 22, due to surface relaxation effects in a distribu- é
tion of pore sizes 48, 21), and theT, is fit to a two 4 2r 3
exponential decay while thg, is fit to a stretched exponen- ! :
tial. The variable echo tim&, mapping method was used in 0.0 0.1 0.2 . 0.3
. . . . time (ms)
this case, to ensure sufficient experimental points to deter-
mine the local multiexponential decay. Multiexponenfial  FIG. 8. (a) T,-mapping data from an arbitrarily chosen position in a

and T, behavior is observed at all positions in the experpartially dry 50-mm-diameter concrete cylinder, exposed from a single fac
mental profiles (Figs. 8a, 8b). We also observed a clear tre@}f data were fit to a stretched exponential, with= 1.51 ms & = 0.68).
. . . b) T,-mapping data from an arbitrarily chosen position in the concret
in the T and T> relaxation time parameters as we mov linder. At least two components are observed: a long compdngnt 0.85
across the profile, away from the drying front. Trends iRs, indicated by the straight line, and a short compofiegt= 0.34 ms. The
both theT, and thea parameter (related to surface/volumeelative proportions of these two components varies with positionT g)
of the pore structure2@)) are shown in Figs. 9a, 9b. mapping data from an arbitrarily chogen posit_ion in the concrete cylinder. Th
It is important to note that although the observBgds are data are apparently single exponential with time constént= 115 us.
multiexponential, thd % map of the concrete cylinder is single
exponennaI. (Fig. 8c). We believe th!s is due to the mhereO ry spatially with drying,T% does not, within error, vary
heterogeneity of the concrete material and the fact that e tially across the one-dimensional profile.
pixel in a 1D profile is an average over a large 2D disk an
therefore incorporates the dephasing effects of a large distri-
bution of field variationsZ2, 41, 43. This effectively reduces
eachT, component to a single shorté?; value due to the fact  The proposed imaging methods produce quantitative imag
that theT? relaxation mechanism is dominated by the inhsf hoth uniform phantoms, polymer materials, and inhomoge
mogeneous broadening due to random field variatietB. ( neous concrete materials, in one and two dimensions. F
This is a valuable result because it allows us to determiggyndard gradient switching times, map§ef T,, andT* can
accuratep maps, based on the valueld, determined from the pe obtained, even for very short relaxation times. We note th
T% fit (16). The precision of thisv, determination has beenihese methods can also be used to simply introduce contras
confirmed by mass measurements of drying concrete spefisired, for example, between two spin populations with dif
mens (6). Itis important to note as well, that while, andT,  ferentT,’s, using aT,-null method. Studies, using these meth-
ods, of spatially resolved relaxation times in polymers, gas i

3 Water/cement= 0.5, White Portland cement, 14 mm maximum aggregat®0rous media, drying concrete, and freezing/thawing of sat
quartz fine and coarse aggregates, 7 days moist curing. rated and partially dried porous materials are currently unde

CONCLUSION
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FIG. 9. (a) Variation ofT, with position for a White Portland concrete 21

cylinder (50-mm diameter), which had moist cured for one week, and was
then allowed to dry at ambient temperature and humidity, from a single
exposed face (Positios 0 cm corresponds to the location of the exposed?2
face). Only points near the exposed face are displayed. (b) Variation of the
stretching parameter, with position for the same partially dry concrete23
cylinder. Changes iff; and « indicate a possible change in relative pore

occupancy. 24

. . 25
way. Partialk-space methods are being developed to decreaz%
image acquisition times.
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