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Abstract

The pore size distribution in three reactive powder concrete formulations has been studied by nuclear magnetic relaxation of protons.

Confirming the discrete and fractal features of the distribution for this kind of concrete, each formulation is assessed a surface fractal

dimension, which reveals the hierarchy of pores. The experimental results evidence a dependence between this dimension and both the filling

ratio of cement grains and the reactivity of silica fume. 29Si nuclear magnetic resonance (NMR) allows us to draw a relationship between the

amount of calcium silicate hydrates (C-S-H) and this surface fractal dimension. D 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The important mechanical and durable performances of

reactive powder concrete are mainly due to the high

compactness of this material made of sand, crushed quartz,

cement, and silica fume. In addition to their chemical

reactivity, the granular packing of the various dry compo-

nents proposed by Richard and Cheyrezy [1] approaches the

hierarchical Apollonian packing through a wise choice of

the size grading of each component. This concrete still

possesses microporous features, which may govern most

of its permeability properties. Usual methods of investiga-

tion of porosity are mercury porosimetry, differential scan-

ning calorimetry, and nitrogen sorption to a lesser extent.

These methods are either invasive, give access to open

porosity only, imply a deterioration of the sample or the

use of very low temperatures. In the present work, we

propose a nondestructive method, proton nuclear magnetic

relaxation, in order to study three kinds of reactive powder

concrete, which will then be compared to a more conven-

tional concrete. This method, which can be performed at

room temperature, is sensitive to both open and closed

porosity in a wide range. Previous studies [2–4] also

showed its relevance as far as the kinetics of hydration is

concerned, and evidenced the hierarchical character of the

pore sizes in reactive powder concrete. More specifically,

we have studied in this paper the influence of the filling

ratio of the cement grains and of the specific surface area of

silica fume on the pore size distribution of three reactive

powder concrete formulations. 29Si nuclear magnetic reso-

nance (NMR) is used to find a correlation with the amount

of calcium silicate hydrates (C-S-H). As the porosity is quite

sensitive to the granular packing, we worked on materials as

close as possible to actual reactive powder concrete, except

for the metallic fibers, which rule out NMR experiments.

2. Experimental

2.1. Materials

Three different reactive powder concrete specimens have

been studied in the present work. As a basis for comparison,

an ordinary concrete was also prepared. The specific char-

acteristics of the concrete mixes are given in Table 1. The

experiments were performed on one-month-old samples.

They are composed of all the dry components actually
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present in real concrete, i.e., sand, crushed quartz, cement,

and silica fume for reactive powder concrete, and cement

and coarse aggregates for the ordinary concrete. The for-

mers were formulated in order to emphasize two parameters:

the type of silica fume and the filling ratio. The latter

parameter is related to the compactness of cement grains

and is equal to the ratio of the volume occupied by the fine

particles in between the cement grains and the theoretical

volume of the voids in a dense packing of cement grains.

The filling ratio for each of the dry constituents can also be

calculated. The higher it is, the higher is the silica fume

content while the closer it is to one, the denser is the cement

granular packing. The reactive powder concrete samples

under investigation present two different filling ratios

labeled C1 and C2, which are 2.2 and 1.1, respectively.

The two silica fumes, labeled S1 and S2, differ by their BET

surfaces: 12 and 21.5 m2/g, respectively.

2.2. NMR experiments and processing method

We have performed a measurement of the longitudinal

proton magnetization decay in the four concrete samples

through the usual inversion recovery method at 300 MHz in

static conditions on a Bruker ASX300 spectrometer at room

temperature. Coarse pieces of concrete are used in order to

limit the water adsorption on the surface of the grains. A

representative example of the proton magnetization decay in

reactive powder concrete is displayed in Fig. 1. As in

previous experiments on similar materials [2–4], we

observed a strongly nonexponential decay for all the sam-

ples. The application of several methods for processing this

type of curve, including the Laplace inverse transformation

[5], has evidenced the suitability of a weighted sum of five

well-resolved single exponential functions to the fitting of

the decay. The spreading of the respective relaxation times

over five orders of magnitude and the average factor of 7.3

up to 9 between two consecutive times supports this

decomposition. The frequency dependence of the measured

proton relaxation times also observed in a previous study on

reactive powder concrete [2] has validated the theoretical

prediction in terms of a biphasic fast exchange model. The

model implies nuclear relaxation of protons through

hydrated paramagnetic ferric ions such as Fe3 + present at

the surface of the pores and evidenced by ESR [3]. This

process has drastic effects on the relaxation times and

overwhelms the pure nuclear dipole–dipole relaxation

expected in solids. The attribution of this relaxation times

distribution to five different average pore sizes is then

possible, assuming a spherical pore shape, and implies the

following linear relation between the ith spin-lattice relaxa-

tion time T1,i and the ith average pore size hRii [3]:

hRii ¼ ð30NsvsolvH
2
I nT1eÞT1;i: ð1Þ

Here Ns is the surface density of paramagnetic spins, vsolv
the volume of the solvation cage made by the paramagnetic

impurity and the water molecules interacting with it, HI the

dipole–dipole coupling between the paramagnetic spin S

(Fe3 + ions) and the proton spin I, n the average number of

water molecules in the volume vsolv, and T1e is the electron

spin-lattice relaxation time of Fe3 + ions. All these para-

meters are known except for Ns, which can be found by an

Electron Spin Resonance experiment. An important conse-

quence of such a linear dependence is that the distribution of

average pore radii hRii is similar to the one of relaxation

times T1,i.

The combination of various techniques for measuring the

pore size distribution, such as mercury intrusion porosime-

try, nitrogen and water sorption, also supports a porous

Table 1

Characteristic of the concrete mixes; weight ratios in term of cement mass

Formulations
C1 coefficient,

silica fume S1

C2 coefficient,

silica fume S1

C1 coefficient,

silica fume S2
Components Granulometry (12 m2/g BET) (12 m2/g BET) (21.5m2/g BET) Ordinary concrete

Cement f= 15 mm 1.000 1.000 1.000 1.000

Silica fume f= 0.5 mm 0.325 0.150 0.325 –

Crushed quartz f= 5 mm 0.300 0.150 0.300 –

Sand f= 330 mm 1.430 2.000 1.430 –

Water – 0.200 0.240 0.240 0.410

Siliceous agg. f up to 16 mm – – – 4.585

The samples were mixed at 20 �C. The reactive powder concrete specimens only were then cured at 90 �C during 48 h after demolding. The filling ratios C1 and

C2 are 2.2 and 1.1, respectively. The cement used is a low-alkali content cement with 22.7% SiO2 and 4.3% Fe2O3. The experiments were performed on one-

month-old specimens. The siliceous aggregates used in the ordinary concrete are of feltspatic/granitic origin.

Fig. 1. Semilogarithmic plot of the recovery of proton magnetization at 300

MHz, at room temperature for the one-month-old reactive powder concrete

with C1 coefficient and silica fume S2 (21.5 m2/g).
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structure decomposed into five modes in concrete [6]. The

two largest porous modes are assessed to macroporosity,

while the three smaller ones are relative to the C-S-H-

induced porosity.

In complement, we have performed 29Si NMR experi-

ments on the same ground concrete samples. The Magic

Angle Spinning (MAS) single pulse spectra have been

obtained on an 11.7-Tesla Bruker ASX500 spectrometer

with a cross-polarization CPMAS probe for 4-mm zirco-

nium oxide rotors at 7 kHz.

3. Results and discussion

3.1. 1H relaxation measurement

Basically, two pieces of information can be extracted

from the magnetization decay displayed in Fig. 1: the

different spin-lattice relaxation times T1,i and their respective

prefactors P1,i, which are the relative amount of protons

expressed in percentage of the ith category of pores relaxing

with T1,i. The dependence of the fraction of protons with the

measured relaxation rates T1,i for the four concrete formula-

tions is displayed in Fig. 2. As T1,i is proportional to hRii, the
relation given in Eq. (1) allows us to express these results in

terms of pore size. A similar behavior was observed for all

three reactive powder concrete samples: we find a discrete

distribution of T1,i, which, except for the shortest, is repro-

ducibly aligned in log–log scale. This evidences a power

law over four orders of magnitude between the amount of

protons and the average pore size. From a mathematical

point of view, a power law is also expected in the computa-

tion of the total surface area Stotal(i) for each pore category

hRii in a hierarchical distribution of noncommunicating or

badly communicating spherical pores:

StotalðiÞ/hRi2�Df

i ; ð2Þ

where Df is the fractal dimension of the surface. As

2�Df� 3, Eq. (2) diverges in the range of the low radii. On

the other hand, the expression of the total volume Vtotal(i) as

a function of hRii smoothly converges according to Eq. (3):

VtotalðiÞ/hRi3�Df

i ð3Þ

The divergence observed in Fig. 2 confirms that the

relaxation process occurs mainly through protons on the

surface of nonconnected or badly connected pores, as was

previously assumed [2]. The values of Df, thus derived from

the slope of the power law, are displayed for each sample in

Fig. 2 and range between 2.58 and 2.65. These results are

coherent with previous works [6–8]. We note that Df is the

highest for the formulation with C1 filling ratio and S2 silica

fume, which has the larger BET surface. Df is the lowest for

the formulation with C2 filling ratio and the other silica

fume S1. Physically, the more frequent the smallest pores

are, the more frequent are the protons relaxing on their

surface and the closer to 3 is supposed to be Df. Thus, the

surface fractal dimension is sensitive to the filling ratio and

to the specific surface area of silica fume.

On the other hand, the ordinary concrete presents quasi-

bimodal porosity features. While the two smaller T1 are

quite similar to the ones observed for reactive powder

concrete, the amount of protons in the larger pore range is

much more important, as expected in this type of concrete.

These results confirm the assessment of the larger T1 to

free water in capillary pores and of the smaller ones to the

C-S-H-related porosity. The heterogeneity of the pore size

distribution resulting from the presence of coarse aggre-

gates explains the nonobservation of a power law over

several orders of magnitude in this type of concrete.

Another indication of the hierarchical nature of the

discrete pore distribution in reactive powder concrete is

given by the ratio a = T1,i + 1/T1,i, which is directly linked to

the dilatation coefficient between two pore size categories.

The measured values of T1,i, a, and P1,i are listed in Table 2.

Although there are some disparities, a is of the same order

of magnitude between two consecutive i-values for each

formulation. It is all the more obvious for the formulation

with C1 filling ratio and the silica fume S2. For this

formulation, the well-defined a, averaged at around 7.3, is

in accordance with an Apollonian packing. This value is

also quite close to the dilatation coefficient a	 10.0

selected by Richard and Cheyrezy [1] for the particle size

Fig. 2. Logarithmic plot of the fraction of proton magnetization as a

function of the relaxation time T1,i for the three reactive powder concrete

and ordinary concrete formulations labeled in the text. The dotted lines are

the best fits obtained with a power law.
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grading of dry components in reactive powder concrete as

can be seen in Table 1. Fig. 2 and Table 2 thus clearly show

a correlation between the fractal feature of the granular

packing and the pore size distribution, since Df increases for

a higher filling ratio, namely, a higher silica fume content,

and a larger BET surface of silica fume.

3.2. 29Si NMR results

We have performed 29Si NMR to follow the dependence

between the amount of C-S-H and the reactive powder

concrete formulation parameters, namely, both the filling

ratio and the type of silica fume. This method allows a

quantitative observation of the silicon chemical environment

in a given material, provided the respect of the relaxation of

all silicate species. The 29Si MAS NMR spectra are dis-

played in Fig. 3. Each peak corresponds to a given chemical

environment of silicon nuclei and is assessed according to

Engelhardt and Michel [9] chemical shift tables for silicates.

In particular, we could sort the cement, which presents Q0

species at � 71.0 ppm; the C-S-H presenting Q1 and Q2

species at � 80.0 and � 84.9 ppm, respectively; the silica

fume, sand, and crushed quartz, which presents Q4 species

at � 110.6 and � 107.2 ppm, respectively. The position of

the C-S-H peaks is in accordance with previous works [10–

12] on synthesized C-S-H. The experimental conditions

respect the relaxation times of all species except crushed

quartz and sand, which are not chemically reactive at room

temperature. This decomposition, as far as the C-S-H and

silica fume are concerned, is displayed in Table 3. The

relative amount of C-S-H is more important for C1 filling

ratio than for C2, and is comparable for both silica fumes,

with 30% for S1 and 31% for S2. These results are not

surprising for there is half less initial silica fume in the

reactive powder concrete formulation with C2 filling ratio as

can be seen in Table 1, and for silica fume, S2 has a BET

surface almost double that of S1. Silica fume has indeed the

property to enhance the formation of C-S-H by reaction with

residual portlandite through the pozzolanic reaction. It also

reacts with the C-S-H resulting from the hydration of cement

in order to form secondary C-S-H of lower C/S ratio.

From the ratio Q2/Q1, we obtain information on C-S-H

tetrahedra chains, which unsurprisingly appear longer for

C1 than C2 formulation, and even longer for silica fume S2
formulation. The average chain length observed for C2

formulation corresponds to a mixture of mostly pentamers

and other shorter chains, resulting in a statistical Q2/Q1 of 1.1.

In the case of C1, the at least twice higher Q2/Q1 ratio can be

interpreted as a mixture of chains containing mostly 10

tetrahedra with the most reactive silica fume. Considering

that the hydration of C3S provides principally dimers in the

C-S-H after three months hydration [13], the high values

observed for our samples are most likely due to the pozzo-

lanic reaction.We observe a lot of remaining silica fume at the

time of the experiment, especially in the formulation with C1

filling ratio and silica fume S1. Table 3 thus highlights the

higher reactivity of silica fume S2 compared to S1: the ratio of

the remaining silica fume to all chemically reactive silicate

species is more important for silica fume S1 than for S2.

As expected, the amount of C-S-H is more important

when there is more silica fume in between the cement

grains, which is the case for the formulation with C1 filling

ratio. Obviously, the chain length of C-S-H is also

increased by a larger filling ratio, and by a larger BET

surface of silica fume, namely S2. Thus, the amount of

C-S-H and their average silicon tetrahedra chain length,

deduced from the quantitative decomposition, follow the

Fig. 3. 29Si MAS NMR spectra of the three reactive powder concrete

formulations recorded at 11.7 Tesla (4 mm rotor, 1200 scans) using a

spinning speed of 7 kHz and a 30-s delay between two scans in order to

have quantitative spectra.

Table 2

Distribution of the relaxation times T1,i, of the prefactors P1,i and the ratio a = T1,i + 1/T1,i for each reactive powder concrete formulation

C1 coefficient, silica fume S1 (12 m2/g BET) C2 coefficient, silica fume S1 (12 m2/g BET) C1 coefficient, silica fume S2 (21.5 m2/g BET)

T1,i (ms) P1,i (%) T1,i + 1/T1,i T1,i (ms) P1,i (%) T1,i + 1/T1,i T1,i (ms) P1,i (%) T1,i + 1/T1,i

0.8 25.5 3.4 0.2 22.0 5.7 1.0 32.4 4.3

2.7 48.3 5.4 1.3 56.0 14.6 4.5 48.9 7.6

14.7 20.0 11.0 19.5 13.5 4.8 34.2 14.3 7.6

161.8 5.5 16.3 93.5 7.1 6.4 260.5 3.5 9.8

2645.1 0.7 – 599.9 1.4 – 2551.8 0.9 –

Average a = T1,i + 1/T1,i 9.0 Average a = T1,i + 1/T1,i 7.9 Average a = T1,i + 1/T1,i 7.3

Fractal dimension 2.63 Fractal dimension 2.58 Fractal dimension 2.65
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same dependence as Df with the reactive powder concrete

formulation parameters. They provide a signature of the

textural properties of this type of concrete. Protons nuclear

magnetic relaxation and 29Si NMR show that the more and

the longer C-S-H in the concrete, the larger is the surface

on which protons can relax.

4. Conclusions

In this study, the impact of formulation parameters on

the texture of concrete was evidenced by using two NMR

techniques. The analysis of proton nuclear relaxation

inside several one-month-old reactive powder concrete

formulations has revealed the reproducible fractal and

discrete features of their pore size distribution. It is very

likely to be closely related to the almost fractal granular

packing of such a type of concrete. We were able to

characterize the pore distribution of a reactive powder

concrete by only one parameter, namely, the surface fractal

dimension. Moreover, the microstructure of concrete was

investigated by 29Si NMR experiments and, besides show-

ing the efficiency of one silica fume over another, it

provided a feedback of our 1H NMR results. A correlation

between the texture of concrete, the length of silicate

chains, and the amount of C-S-H was established. 1H

and 29Si NMR are expected to be relevant, for instance, in

the study of aging or leaching phenomena, which may

modify the pore distribution of concrete.
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