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Abstract: The theoretical models for the application of low—field nuclear magnetic resonance (LF NMR) to the cementitious materials
are reviewed, in response to the three common questions, namely the data reliability, result stability and model validity problems. The
major applications, including the characterization of pores, the quantification of hydration products and the diffusion dynamics, are
linked to four theoretical models, namely the two—fraction fast-exchange model, the Korb model, the amplitude model and the
cryoporometry related Gibbs—Thomson model. In addition, the limitations in models as well as in instruments are pointed out. In
particular, for the mentioned applications, most commonly used pulse sequences together with recommended parameters are provided.
Based on the latest progress in the field, challenges and outlooks are discussed.
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Table 1 Basic variable abbreviations for the fundamental
LF-NMR theories

Abbreviations Descriptions of the variables

% Gyromagnetic ratio
By Magnitude of external magnetic field
v Larmor frequency, v=yB/2n
M Macroscopic magnetization vector
M, M, M. Components of the magnetization vector
Longitudinal relaxation time constant, describes the
T\ build-up of macroscopic longitudinal magnetization
M.

Transverse relaxation time constant, describes the

decay of macroscopic transverse magnetization M,,,

L relates to the homogeneous decay of macroscopic
magnetization

Tz* Effective 7>, takes into account inhomogeneous part in
extra

T Relaxation time constant of the surface, s refers to

) surface
Ty Relaxation time constant of the bulk, b refers to bulk
SVR Surface to volume ratio, S/V
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Fig.1 Evolution of longitudinal relaxation time 7} and
transverse relaxation time 7, as a function of the
correlation time 7, which indicates the mobility of
proton[zs]
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Fig. 6 Schematic diagram of the Korb model with time
constants 7, and Tm[27’4°]
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Fig. 7 (a) T,—T, spectrum of white cement with hydration time
of four dayst*” and (b) T»—T> spectrum of white cement

with hydration time of one days*
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(a) A typical NMR cryoporometry (b) Pore distribution calculated
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Fig. 8 Schematic diagram of NMR freezing borehole method

from the melting curve
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Fig. 9 A schematic sketch of a pore filled with liquid for the
cryoporometry method®®"?
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Table 2 A brief summary of the theoretical models

Typical studied ~ Techniques and

Models

Key parameters

Special features or N
Major limitations

objects methodologies convenience
Two-fraction porosity Relaxometry Surface relaxivity p  Relatively easy and quick to ~ Bulk and surface two-fraction
fast exchange start with assumption breaks at 1 nm
model C—S—H interlayer spacing
Korb model Porosity, water NMRD, FFC, Surface density of Massive information, able to  High Fe*" content or
dynamics 2D correlation map paramagnetic distinguish aprotic and heterogeneous distribution,
species o, protic liquids, sensitive to limited availability of
especially Fe** both open and closed instruments in China,
pores overestimates nanopore size
Amplitude Hydration Relaxometry, also relies Back extrapolated Quantification of solid Signal fitting and back
model products on C—S-H structure signal intensity at phases extrapolating problems,
models and system of time zero instrument dead time limits
balance equations
Gibbs-Thomson  porosity Cryoporometry Liquid Access to closed pores Possible freezing damage,
model characteristic prefilled with water especially for high w/c ratio
constant k& cement pastes
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ElR, REHFFAR ErTHERN 3 KERE: L
SERRAL . VIR E B PLEOKAG BB 120 5T
IR = A R T AN A R ER T B, B
e LU N R A0
2.1 FLEHIFRAE

MR K I At SR (K 2 FLAT R, LA RN R
MEEFEMEALAE A0, FLBREEE T DL K B R i AR
SER. LRKIRRMANE], B EEAFAE 4 K
KL, LALEMNANBIRII A8 C-S-H JZTE AL,
C-S-H BERAL KW= WEfLEL S B L, HX M
M T VE B WER 3 fron. Hdr, KA iE L5 4
FLr K — A E K A STERIG KAL)
[A] LK K 73 N B ALK CE 3).

R=3 BUWKERLDE. FLEXD, REXMRAZH
T, 5 ST E0-10 23,35, 64-66]
Table 3 Typical pore size ranges and the corresponding
relaxation times in cements 1°~1% 233, 64-661

Type of pores Pore size/nm T>/ms T1/ms
C—S-H interlayer 0.85-1.00 0.08-0.12 0.32-0.48
C—S—H gel pore 2-5 0.2-0.5 12
Interhydrate pore 8-20 0.8-1.0 4

Capillary pore >500 >10 ~10°

K 3 A% B 32 A FL 45 4 v 85 R ) ik o e 31
Carr-Purcell-Meiboom-Gill (CPMG)** %), {Hi T
KALFAHh CH 25 840 TH I8 T, s #80.015~
0.025 ms)!'", 55 AESUI A N KR B 4
W IR L CPMG B AR AT IS 5 42K FLHE 55 1
SR, HIEN SR IE S . 4K
DRVEW 2.2 F5. RGIIEIT A2 R A B ts A e
ZH. RGBS BUNVEAN R T T B 2 AL L B A
5 AL ERAE AR S AR, (HN Tz, AT
TR AR Ay A AT e i L A A RS
T G5 Z (B S (Al ff . 7EZERS T Py, ok
WA G5, HE BB RS 5 FID #1[F i 455
JE IR R AE T80, DR G BRI [a] JE AR H A5 5 B /N
TFHREGSE. RIERHILIRSER A, SER X T
8 TEIR 15 5 FEMA N, AT 200 B ATl LA
HESFAGILG(E 55 EXHRIEIRME S b, Bl
KPR AR 45 AR CH. AFt, BLK S Fe* %

Mk R, [ESTREEEER, KA E AR,

B T A HeAC 9 ALAR AT I, AR A bR S 4
AU A 2(6), T B3R K IR R p, . Nagel )
SER O W FUM R R I i R AR AT TR,
R K YRR KA SC B WA 4.

R4 BKREMRRKE YR RE G E,

Table 4 Surface relaxivity p, of typical cementitious
materials'™!

Cementitious materials or . O
. Surface relaxivity p,/(um-s™)
hydration products

White Portland cement 3.73
C—S-H gel 5.51
C—-S-H interlayer 0.9
Ettringite 39-44
Gypsum 6.2
Limestone 12-15
Cement asphalt mortar 40
Floor screed 50

NMR A %% S5 BEARR, TH KA.
BAR— 75 B AR B CPMG ki 1, B 0L
(RS 5 BRI AR A TRE TR A — N R
MBH kWA E O AL B bR RE R s e 4
77 R K10 KRR 7 E S AR I
JiEE WAL ARG AT T R b, Hod
MIP. SAXS. SEM 7l 48R 7R /A AT M1
PR B R A

MIP
Gas adsorption (—)
NMR —
—

SAXS
SEM 1 1 1 1 1 1 1 1 1
IA & & & lum 1 mm Im
NN
N Pore size
K10 HR4E 275 SCHR[91 AN 6414 1l i %Il B AR IE FH 7L AR
FieNRE M IS Y

Fig. 10 Pore size range accessed by different analytical
techniques, based on the reference [9] and [64]

BRiE FH YO A, 3 7 AR Wk i 2 % R i RAIE
MIFLBREE . DU R IE(MIP)AI NMR ¥4 i,
PR 1 TR A B FLAR 2 AR AR KFLIX 5/ FLIX A B
B2 3P %t 50 nm f UL RECKFLER, MIP 45 H
FLAR RS SR m T NMR; Xt/ 10 nm 4L,
NMR 5 I f LA R TF MIP. HJEK 2, MIP Xt
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Fig. 11 The quantification results for the white and ordinary
Portland cement paste, based on the NMR, the TGA
and the XRD techniquest®”
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/NTF 15 ps, XoF[E AR E BT BN 10~12 pss BA
CPMG ABI, FIrfs (s s b S oK F 5000 BE4T,
%R BIRE S B A SRR LRSI @ BLE R 7
L7 1) ), RRER, KRS AR S — B RAE 1 em
A, WHRAE 2~3 cm, HERSF 8~16 mm [
et RN 3~5 em. L EFRARFEAL N, e
AR RE 00 S B A7 0 A R 7 SR B AT e . 4
WG B B B NG RE P IE BE  BR AA d 3 i
FEs StFPGE. JFEALMARTE R, AIE 2 B ARAS
PhEisR .

SeaG R, BRI IR S U B A A B T
HARRER . UL CPMG R AE], & WA N,
e 90 FERKF R, BBk R 7 5] CPMG. FF ik
SR TR SEAE, BRI R [E R
AN, RS . A, BT R R
miE AR e e M I X R ST DURER
DN TIPSR =i M E S Wi R S S R i [N e
B HIRE . ERHETULEHSE, TSR Ok
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BFRERAGTER 5, BHEHERI LB &
45Tk 6.
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Table 5 Typical pulse sequences and the main information
obtained from the measurements.

Pulse sequences Main information

Spin echo Pore water, free water

CPMG T, profile, pore water, free water
Solid echo Total solid water

Inversion recovery (IR) T

Saturation recovery (SR) Ty, for solid phases SR is favorable

Magic sandwich echo . . .
Alternative version of solid echo
(MSE)

T—T»q saturation solid . L
Solid water in different phases

echo
SE-CPMG Combined information of solid echo/MSE
or MSE-CPMG and CPMG
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Table 6 Typical NMR methodologies and the applications

Application Relaxometry Cryoporometry ~ FFC 2D correlation spectrum MRI
Porosity + + + + +
Surface area + + +

Water exchange and dynamics + + +

Hydration product quantification and hydration degree determination

+ is common application; - is non-primary application.
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Table 7 Typical sources of errors for the application of LF-NMR in cementitious materials

Sources of
Experimental reasons Theoretical limitations

errors

Data Signal to noise ratio insufficient for reliable ILT, dead time and pulse length too long to  Intrinsic pore size difference between NMR
reliability achieve reliable back extrapolation for quantification of solid phases, missing instrument and other techniques such as MIP and gas

calibrations, impropriate measurement or processing parameters adsorption, suitable pore size range for
different models

Result Magnetic field and temperature stability, experimental parameters consistency, sample ILT is ill-posed, certain fitting errors
stability representativeness, consistency of sample preparation and curing conditions inevitable for amplitude model

Model High Fe®* content and magnetic field inhomogeneity problem, applicability of freeze thaw cycle to the fine porosity without causing
validity freezing damage to the coarse pores, compatibility between the interested molecular dynamics and NMR timescale
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