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Abstract 
 

With a NMR based fast diffusion measurement technique we performed a comprehensive 

experimental program on 30 samples to measure the pore diffusion coefficient in two series of cement 

pastes, mortar and concrete made with an ordinary Portland cement (CEM I) and a composite cement 

(CEM V). In addition, measurements were also possible in the presence of fibers and their effect could  

be evaluated. The principle is to monitor a deuterium-water exchange in a well-defined cylindrical 

geometry while the NMR technique allows the measurement of 1H concentration inside the sample as 

a function of time, while ignoring 1H outside the sample. Using well known analytical formulations, 

the diffusion curve can be fitted to obtain the pore diffusion coefficient of the material.  

The results are first presented in terms of the measured pore diffusion coefficient at 30°C 

characterizing the porous network independently of porosity. For CEM I based materials, the 

measured values are Dp=7.6±1.4x10-12 m2/s for pastes, 40±20x10-12 m2/s for pastes with fibers, 

9.5±0.6x10-12 m2/s for mortars, 4.4±0.2x10-12 m2/s for concretes and 28±7x10-12 m2/s for concretes 

with fibers. For CEM V based materials, the measured values are Dp=1.1±0.4x10-12 m2/s for pastes, 

9.3±2.7x10-12 m2/s for pastes with fibers, 0.8±0.1x10-12 m2/s for mortars, 5.9±2.2x10-12 m2/s for 

concretes and 5.3±0.8x10-12 m2/s for concretes with fibers. In all cases, the fibers produce an increase 

of Dp together with a sample dependent result within a set of 3. When expressed in terms of effective 

diffusion by taking into account the porosity that can be exchanged by D2O estimated during the 

diffusion experiments, the results were found in agreement with a few existing values measured with 

HTO through diffusion techniques (Dp=2.1±0.4x10-12 m2/s for the CEMI paste, 1.1±0.06x10-12 m2/s for 

the CEMI mortar, 0.12±0.02x10-12 m2/s for the CEMV concrete with fibers).  

1 Introduction 
Concretes are used as diffusion barriers for the disposal of low and intermediate level radio-active 

waste. Diffusion properties are therefore of primary importance and such material are essentially 

qualified by a measurement of water diffusivity in a fully saturated state after a long hydration period 

(6 months) in order to reach a quasi-stable structure. Because concrete is a mixture of mainly cement, 

sand and sorted aggregates in which secondary but crucial products in minor quantities are added like 

silica fume, any changes in the formulation or in the quality of the constituents (e.g. mineralogy of the 

aggregates) requires a new validation. This can be a very lengthy and costly process as the 

measurement of water diffusion with standard tritium through diffusion (HTO) technique can be very 

time consuming, of the order of 1 to 4 years depending on the concrete and sample size.  

To generate a diffusion barrier, one strategy is to find a binder with the smallest intrinsic (pore) 

diffusion coefficient and then decrease porosity as much as possible to obtain the smallest effective 

diffusion coefficient by the addition of sand and aggregates. Adding aggregates also have the 

important property of improving considerably the compressive strength. However, the potential 

negative impact is to create interfacial transition zones (ITZ) [1,2], thin regions around aggregates in 

which a different microstructure exist together with a local larger porosity. Minimizing ITZ effects is 

still a challenge, requiring numerous diffusion experiments. ITZ effects may also play an important 

role when adding fibers to improve further the mechanical properties. The choice of the type of cement 

is also important, with potential effects on the ITZ. For ordinary Portland cement, ITZ has been 

suspected to play an important role while other cement like CEM V in which silica fume is added for 

example, have much lower porosities and consequently could minimize ITZ effects.       
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While the HTO through diffusion technique is well established, efforts have been made to speed 

up experiments or find alternate techniques [4]. For example, the in-diffusion technique in which a 

concentration profile is measured, the electro-migration technique to obtain the transport properties of 

ions accelerated in an electrical field, or simply formation factor measurements; however they are for 

the last two cases strongly model dependent and applicable to ions only. In the present study, concrete 

reinforced with metallic fibers were also of high interest, limiting further the possible range of 

alternate techniques. Considering now nuclear magnetic resonance (NMR), the well-known Pulsed 

Field Gradient NMR technique providing water self-diffusion coefficients without the need for tracer 

cannot be applied in some materials. In most cementitious materials and especially after complete 

hydration [3] the very short life time of the magnetization unfortunately prevails the use of this very 

reliable and fast technique. In this work, we use a method in which a water saturated sample is fully 

immersed in deuterium; as the exchange between water and deuterium is taking place, the water 

concentration inside the sample can be measured using simple NMR sequences as a function of time 

and analyzed to obtain a diffusion coefficient. It could be labeled inside-out diffusion. This technique 

was already used in cement 20 years ago [5] and curiously not developed further. In natural porous 

media and constrained by the same short magnetization life time, the same technique was re-developed 

and compared to HTO through diffusion [6];  it was then applied again on various cementitious 

materials [7] with different geometrical configurations, also taking advantage of the technological 

development of fully automated low field relaxometers and progress in data processing such as inverse 

Laplace transform.      

Since various terminologies are present in literature such as effective, apparent or pore diffusion 

coefficients, it is important to clarify our notation especially when introducing a method not 

commonly used. As detailed in [4,6], since we measure a concentration inside the sample and not a 

tracer flux through the sample we directly obtain a pore diffusion coefficient. In a standard through 

diffusion experiment one obtain an effective diffusion coefficient when analyzing the steady state 

regime [4]. The so-called pore diffusion coefficient noted Dp is linked to the effective diffusion De by 

the relationship: 

   φ/ep DD =            (1)    

 

where Φ is the exchangeable porosity discussed later. Furthermore, 2H interactions with cement should 

not be different from 1H and therefore we obtain a true determination of Dp. In practice, the 

experiments are shorter when measuring Dp instead of De. Dp is an intrinsic property of the porous 

network contributing to diffusion and it may stay ideally the same when considering a cement paste 

and a mortar or concrete made with the same cement, ignoring ITZ effects. Hence De experiments like 

HTO through-diffusion will be typically 3 times longer as porosity is decreasing. Finally, if one would 

like to take adsorption effects into account, the coefficient measured in this work would then 

correspond to an apparent pore diffusion coefficient Da defined as:  

  

)1( dSpa KDD ρ−=          (2) 

 where the adsorption process is described by a coefficient Kd (m3/kg) and ρS is the dry density of the 

solid phase (kg/m3). 

 

In this work, we built a comprehensive 3-year measurement program to obtain pore diffusion 

coefficients for decreasing porosities starting from the cement paste, then the mortar and finally the 

concrete. In addition metallic fibers were added on the cement paste and the concrete to evaluate their 

effects. We first describe these materials. Next, we describe in some details the measurement 

methodology including uncertainty analysis in which we consider random effects of noise and 

heterogeneity. Finally, the results are described and grouped according to the type of cement.  

2 Materials 
Two types of cements were tested:  (i) an ordinary Portland cement (CEM I) and  (ii) a blended 

cement with silica fume (CEM V). Two types of fibers were also included both in the cement pastes 

and the concrete. Hence, for each cement type, 5 different materials were prepared: a cement paste 
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with and without fibers, a mortar, and a concrete with and without fibers. Testing 3 samples of each 

material resulted in a total of 30 experiments.  

Cement pastes and mortars were prepared according to the standard fabrication procedure NF EN 

196-1. The mixtures proportions are given in Table 1. Cylindrical samples (diameter = 7 cm, height = 

11 cm) were cast and the molds were sealed during the first 24 h. After demolded, samples were kept 

in a saturated lime water incorporating sodium and potassium hydroxide for more than 6 months. Also 

during diffusion experiments and immersion into deuterium, deuterium was equilibrated with lime to 

maintain the pH around 11.5 and avoid chemical evolution or structural changes of the samples during 

the experiments. The first molded samples were made from a CEM I cement and they are denoted PI 

and PI-F for CEM I pastes without and with fibers respectively. The second ones were made from a 

CEM V cement and they are denoted PV and PV-F for CEM V pastes without and with fibers 

respectively. The mortars prepared either with CEMI or CEMV are denoted MI and MV.  

Concretes with and without fibers were cast within a cylindrical mold (diameter = 11 cm, height 

= 22 cm).  Some details of formulation are given in Table 2.  After demolding, samples were stored in 

lime water under the same conditions as cement pastes and mortars. The NMR test samples were 

cored before measurements close to the centre cores. CT-scan performed prior to drilling indicates the 

presence of more air bubbles near the top of the cylinders. The porosity is therefore expected to 

fluctuate slightly, as will be seen below. It should be noted that metallic fibers used in PI-F and CI-F 

materials have a length of 35 mm and a diameter of 0.55 mm. The ones used in PV-F and CV-F 

materials have a length of 30 mm, a width of 1.6 mm and a thickness of 29 µm.  

 
Table 1: mixture proportions for cement pastes (P) and mortars (M) for ordinary Portland (I) and blended (V) cement. The 

letter F indicates the presence of fibers. For example, PI-F is a paste made of cement CEMI and containing fibers.   

 
Table 2: mixture proportions for concrete with and without fibers 

 CEM I based concrete (CI) 

(kg/m3) 

CEM V based concrete (CV) 

(kg/m3) 

Cement 480 430 

Sand 700 700 

Gravel 600 900 

Filler 200 60 

Silica fume 50 20 

Metallic fibers 100 (conventional) 30 (amorphous) 

Superplasticizers 10 10 

Water 200 170 

3 Experimental methods 

3.1 Principle 
The method used in this work was partially developed earlier in the framework of the measurement of 

water diffusion in tight natural porous media (in particular caprocks [6]) and also validated in various 

cement based material [7] may contain metallic fibers for mechanical reinforcement, the material 

ultimately used in practice. We will only describe here the aspects necessary for understanding the 

technique and its advantages or limits when applied to cement based materials. The details of the 

measurements and in particular the detailed NMR aspects can be found elsewhere [7]. The two 

instruments used in this study are permanent magnet relaxometers from Oxford Instruments; for 

cements and mortars without fibers (sample of diameter of about 9 mm and length 12mm), the NMR 

 PI 

(kg/m3) 

PI-F 

(kg/m3) 

PV 

(kg/m3) 

PV-F 

(kg/m3) 

MI 

(kg/m3) 

MV 

(kg/m3) 

Cement 1397 1370 1338 1383 699 669 

Sand     1310 1310 

Water 559 548 535 553 279 267 

Fibers  100  30   
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probe size was 18 mm and the proton Larmor frequency fL was 23.7 MHz; for concretes and samples 

with fibers, the NMR probe size was 30 mm and fL was 20.3 MHz.  

 

The principle of the method is illustrated in Fig. 1; a sample initially saturated with water is immersed 

into deuterium, everything being contained in a NMR glass tube. For cementitious materials, it is 

important to keep a high pH and both water and deuterium were saturated with lime. As the result of 

the diffusion of 1H outside and 2H inside the porous sample, the 1H concentration inside the sample 

will gradually decrease;  using the NMR technique detailed in [7] and sensitive only to 1H, we can 

distinguish the protons outside the sample from those inside using the strong relaxation contrast 

between them (1 vs. 3000 ms) and obtain in an easy and robust way the number of protons inside the 

sample as a function of time. In practice the recorded NMR signal was a Hahn echo at 0.13ms for 

concretes, and a free induction decay (FID)  for cement pastes and mortars, both repeated such as not 

to polarize the long components (i.e. apply a repeat delay between scans of 100 ms without recording 

the first scan). The magnetization M used to calculate a proton concentration (see below) at a given 

diffusion time is the maximum of either the FID or Hahn signal. When 500 scans for example are 

accumulated, a single measurement takes about 5s.  

 

As usual with NMR techniques, we measure a magnetization signal M proportional to the number of 

protons in the investigated volume which can then be  calibrated with a known volume of water, 

taking into account the characteristics of the probe and various acquisition parameters such as the gain 

of amplifiers. The size of the sample is related to the NMR probe used and therefore on the equipment 

available in a given laboratory. Indeed, the sample size must be such that the filling factor is not too 

small, otherwise the signal to noise ratio may correspondingly be to small; for example, a 10 mm 

probe can accommodate cylindrical samples with a diameter of 9 to 5 mm and length of up to 10 mm, 

a 18 mm probe from 16 down to 10 mm and length of up to 18 mm. In this study, the cement paste and 

mortar samples were cylinders with a diameter of approximately10 mm and length around  15 mm, 

while concrete samples were cylinders with diameter of about 20 mm and length of about 20 mm. As 

experimental duration generally depends on the square of the smallest length-scale, the choice of these 

diameters and lengths were driven by compromise between representative elementary volume 

consideration and experimental durations, as will be discussed later.        

 

 

 
Fig. 1. Principle of the method. A sample initially saturated with water is placed in a NMR tube. Then, D2O is poured onto 

the sample defining a zero time for diffusion. The 1H concentration inside the sample is then measured as a function of time, 

as 1H is diffusing out and 2H into the sample. Both water and deuterium are saturated with lime. 

An example of measurement is shown in Fig. 2. The concentration is defined as the magnetization M 

normalized by the initial magnetization at the diffusion time tD=0 (start of the diffusion experiment 

when deuterium is poured onto the sample): 

)0(

)(

=
=

D

D

tM

tM
C           (3) 

The sealed glass tube is usually left in the NMR instrument regulated at a temperature of 30°C±0.1°C 

at the start of the diffusion experiment where a relatively fast variation of concentration is measured 

(corresponding at two weeks non-stop recordings).Then, the glass tube is carefully transferred in an 

oven also regulated at 30°C (another temperature can also be chosen). This explains the lack of data 

points from time to time (Fig. 2). When the asymptotic concentration is reached, measurements are 

only necessary every 10 or 20 days. In this example, a diffusion coefficient can be already fitted with 

D2O

H2O saturated 

sample at t=0
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good accuracy taking data points up to tD=2500 hours (104 days), the last data points are only useful 

for confirming the good stability of the measurements.        

 

 
 

Fig. 2. Example of measurement of the 1H concentration C as a function of time in a concrete sample of diameter 19.79 mm 

and length 17.79 mm (CI A). In the upper panel, black dots represent the measurements and the curve the fitted model 

yielding De=4.6 10-12 m2/s and Cf=0.163. The horizontal line indicates the fitted asymptotic concentration Cf at infinite time.  

In the lower panel, the points represent the difference between the model and the measurement at each acquisition point.   

3.2 Data analysis 
To analyze the data, we used the well-known analytical formulations  and methodologies detailed in 

Crank [8] and Carslaw & Jaeger [9]; the solution of a diffusion equation in a cylinder of length L=2l 

and radius r=d/2 is the product of two terms, Cps and Ccyl, respectively representing the diffusion in a 

plane sheet (“ps”) and in an infinite cylinder (“cyl”), and are given by: (equations 4.37 and 5.33 in [8])  
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where pn are the non-zero positive roots of the equation 
nn pp α−=tan ,  qn the non-zero positive roots 

of the equation 0)(2)( 10 =+ nnn qJqJqα , α is the volumetric D2O/H2O ratio. These equations have 

been established for boundary conditions corresponding to our experimental situation: a cylinder 

immersed in D2O such that the total volume H2O + D2O is constant. Hence the D2O concentration at 

the cylinder surface is strictly not constant and this is taken into account by the factor α. The 

assumption is that the mixture D2O/H2O is well stirred outside the cylinder; this is a reasonable 

assumption since the diffusion coefficient of H2O or D2O outside the cylinder is several orders of 

magnitude larger compared to the ones inside the cylinder. Since α is always kept experimentally at a 

value close to 10 (the amount of D2O is large compared to H2O), this parameter has little influence and 

it was set to the value of 10 in the calculations.  
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The diffusion experiment also gives access to the exchangeable porosity, i.e. the porosity in which 1H 

can be replaced by 2H; indeed, if the entire pore volume Vp is exchangeable, the asymptotic 1H 

concentration will be:   

 

α
1=≈

+
=

D

p

pD

p

eq
V

V

VV

V
C         (7) 

 

where VD is the deuterium volume. In this case, 1H concentration is the same inside and outside the 

sample. If the measured asymptotic concentration Cf = M(tD=∞)/M(tD=0) is different from Ceq, then 

the exchangeable porosity  Φex will be: 

  

 )1( eqfex CC −−Φ=Φ         (8) 

 

Since Cf is necessary for calculating C* but not always measured precisely, our fitting program based 

on Matlab not only optimizes the Dp coefficient in equation 5 and 6 but also M(tD=∞) in equation 4. 

This will be further considered when discussing uncertainties. Note that deuterium in this method 

cannot be considered as a tracer because its concentration will finally be very large in the sample, of 

the order of 1-1/α (∼90%).   

3.3 Robustness and uncertainties 
 

We first estimated uncertainties due to random noise in a data set using Monte Carlo methods (Fig. 3). 

A decay curve was generated using equations 3 to 6 (De=1.0x10-11 m2/s, asymptotic concentration of 

0.1) mimicking the acquisition protocol (lack of data during certain periods) and then we added a 

random noise of significant amplitude. In addition, the numerical data set is such that the asymptotic 

concentration is not reached in order to consider a very unfavourable situation potentially producing 

more uncertainties. Our fitting procedure was then performed for 100 random noise realizations.  The 

results indicate a relatively small standard deviation in the distribution of the fitted Dp values; we find 

Dp=0.97±0.02 10-11 m2/s close to the input value of 1.0x10-11 m2/s. The lack of data at long times in the 

asymptotic region generates a systematic small underestimation. Such results representative of the 

most unfavorable situations indicate that the measured diffusion coefficients are fairly robust relative 

to random noise.    

 
Fig. 3. Example of simulated experimental curve in which random noise was added to an analytical formulation (equations 3 

to 6). The data set was also designed such as to reproduce the experimental protocol including a lack of data during certain 

periods. The inset shows the histogram of the fitted values for 100 random noise realizations.     



7 

 

Another source of uncertainties is linked to heterogeneity issues. As mentioned above, 

measurement on concrete samples cannot be performed on 10 mm cylindrical samples due the 

presence of non-porous aggregates of significant size (a few millimetres). At a scale of 20 mm, the 

tested concrete samples cannot be considered as truly homogeneous, whereas the analytical 

formulation assumes that diffusion can occur in the entire volume and not only in the cement phase. 

By way of illustration, this issue was considered using numerical simulations of the diffusion in a 

cylinder containing various non-porous regions located on the surface or inside. For this purpose, the 

COMSOL software was used and a numerical decay curve of 1H concentration generated and then 

analysed using our fitting procedure (Fig. 4). In the situation considered, we observe only small 

deviations between the analytical model and the numerical simulations, indicating that heterogeneity 

problem has little impact. It strongly suggests that the deviation between the model and the data of the 

order of 5% with obviously weak random noise in the example of Fig. 2 may effectively be due to 

heterogeneity effects. Two main reasons can be invoked in favour of a weak sensitivity of the method 

to heterogeneity effects: (i) diffusion processes generally have a high smoothing capacity and (ii) the 

diffusion process analysed occurs in 3 dimensions further increasing the smoothing capacity. We will 

see later that 3 measurements performed on 3 different samples yielded very similar values, 

confirming that the choice of 20 mm size samples in diameter and length is appropriate.        

 

 

 
Fig. 4. Numerical simulations of the diffusion of D2O in a cylinder containing non porous elements (inset) in which diffusion 

cannot occur (representing 25% of the total volume). The black thick curve represents the numerical simulations and the blue 

thin curve the analytical model.   

 

3.4 Porosity 
While porosity values are not used to interpret diffusion curves, they are necessary for practical 

calculation of diffusive fluxes. However when dealing with nanometric pore sizes the concept of 

porosity may become difficult because the meaning of bulk and surface water can be questioned. 

NMR techniques have the ability to distinguish different proton populations having different 

signatures [10]. Indeed, the NMR measurements are sensitive to protons in the solid crystalline 

structure, C-S-H interlayer, gel pore water and capillary water. Most NMR studies used this sensitivity 

to describe the structural changes during hydration up to typically 1 month, by analyzing for example 

the T2 relaxation time distribution. Since we used samples with hydration period larger than 6 months, 

T2 relaxation values expressing the existence of very small pores are consequently  small (<1 ms) and 

the separation of the different proton populations becomes difficult and depends on the NMR 

instrument  dead time of , a key characteristic in the present context. It should also be noted that most 
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NMR studies use the so-called white cement produced by selecting compounds low in paramagnetic 

species such as iron and manganese. Hence, the relaxation time contrast between “free water” and 

other species is less pronounced in normal cement.  

 

Porosity can be estimated from usual Carr-Purcell-Meiboom-Gill (CPMG) measurements [10,11], a 

collection of magnetization data points following an initial pulse at time t=0 (Fig. 5). This CPMG 

curve was measured on a CEM V based concrete and is plotted using a logarithmic time scale to 

highlight the critical short time acquisition period. By fitting the data points with a sum of exponential 

decays ∑=
i

ii TtAtM )/exp()( 2
(inverse Laplace transform) one obtains the T2 distribution 

dominated by short relaxation times (∼0.2 ms, inset of Fig. 5). The total number of protons in the 

system is given by M(t=0) and the dead time of this instrument is such that the first data point is 

obtained at t=0.13 ms. From literature, the separation between solid and liquid like protons may occur 

at a relaxation time of 0.1 ms [10,12,13]. Although numerically correct, the extrapolated value may 

overestimate free water volumes and a choice was made to calculate porosity (free water volume 

divided total geometric volume) using the first data point at t=0.13 ms.    

 

 
Fig. 5. Example of a CPMG measurement used to determine porosity. The blue line indicates the fitted multi-exponential 

model. The inset indicates the T2 distribution inferred from the magnetization decay curve. After calibration with a known 

water volume, M(t1) using the first data point corresponds to a volume of 0.249 ml while the extrapolated value of M at t=0 

gives 0.370 ml. 

         

The above procedure was applied for all samples without fibers; in the presence of fibers, the 

impedance of the NMR probe is strongly modified and porosities can no more be deduced in a simple 

way by comparing signal amplitudes with a known water volume. Indeed, the NMR probe can be 

assimilated to a resonant LCR (inductance, capacitance and resistance) circuit those impedance is 

modified when introducing a very conductive material. To be valid and applicable, a measurement on 

a known water volume should also have similar impedance variation included but no robust method 

was found to mimic the strong probe perturbations. Hence, we assigned the same values of porosity 

for samples with fibers than without fibers. Porosities obtained by drying were found similar with and 

without fibers confirming that this approach is reasonable (see Table 3 and 4). The fibers have 

however no effect on the diffusion curves because a calibration of the signal is not necessary (equation 

3); we verified also that the magnetization M is proportional to the water content in similar strong 

perturbations of the probe.   

 

The exchangeable porosity is also of interest. For the example in Fig. 2, we have Ceq=0.052 and 

Cf=0.163. Hence only 89% of the porosity is exchangeable. The inferred values of Φex from equation 8 

obviously depend on the initial choice of the pore volume Vp. In  the above example, even if we 
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double the value of Vp, we still obtain a non-negligible value of Φex. Measured values for all samples 

are listed in Table 3.  

4 Results 
We report here all measured diffusion coefficients for CEM I and CEM V based materials. Data 

values are given in 3 tables (see appendix).   

  

The measured pore diffusion coefficients for CEM I based materials are all plotted in Fig. 6. 

Without fibers, porosity values were measured by NMR as explained above. Since porosity could not 

be determined by NMR in the presence of fibers, the values used in the graph are the average of the 

paste and concrete respectively. As expected, the pore diffusion coefficient does not vary much 

between cement pastes and mortars despite a porosity decrease of about a factor of 2, and some 

fluctuations of porosity due to small local variations when preparing the plugs. Note that the duration 

of the experiments are all similar (400 to 700 hours, Table 3). For the concrete samples, there is a 

decrease of Dp from ∼8x10-12 m2/s down to ∼4x10-12 m2/s, meaning that the tortuosity of the pore 

network is slightly increased when adding agglomerates. With fibers, the observations are very 

different. For the cement pastes first, Dp increases significantly (from ∼8x10-12 m2/s up to ∼40x10-12 

m2/s on average), and very large fluctuations between the 3 samples are observed (±20x10-12 m2/s). 

This is clearly an indication of preferential diffusion paths induced by the fibers that can vary from one 

sample to another depending on their location and length. Indeed, since the fibers initially used in the 

molds have a length of 35 mm, samples of 20 mm length and diameter are too short and may contain a 

variable number of fibers with different lengths and orientations. Hence the measured fluctuations 

indicate that the fibers have indeed a strong effect. For the concrete samples with fibers, fluctuations 

are also observed but attenuated due to the presence of agglomerates.  

  

 
Fig. 6. Pore diffusion coefficients for CEM I based materials. Squares: pastes; crosses: paste with fibers; triangles: mortar; 

circles: concrete without fibers; squares including a cross: concrete with fibers.  

 

Similar observations can be made concerning the results of CEM V based materials except for the 

concrete samples (Fig. 7). Without fibers, the pore diffusion coefficients are similar for the 3 pastes 

and mortars, whereas large fluctuations exists for concrete without fibers; on average, Dp increases 

from ∼1x10-12 m2/s (pastes and mortars) up to ∼6x10-12 m2/s (concretes). With fibers, there is a large 

increase of Dp for the pastes (on average from ∼1x10-12 m2/s up to ∼9x10-12 m2/s). As with CEM I 
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samples, a similar discussion can be made about the positions and lengths of the fibers, although they 

are thin and flat fibers of length 30 mm and not cylinders. For concrete with fibers, fluctuations of Dp 

are also observed, contained inside the range of Dp values without fibers.    

   

 
Fig. 7. Pore diffusion coefficients for CEM V based materials. Squares: pastes; crosses: paste with fibers; triangles: mortar; 

circles: concrete without fibers; squares including a cross: concrete with fibers. 

5 Summary and conclusion 
 

The diffusive transport properties of the different materials studied can be summarized by plotting the 

effective diffusion coefficient De=Φex Dp, product of the exchangeable porosity and the pore diffusion 

coefficient Dp (Fig. 8). The exchangeable porosity is deduced from the measurement of the asymptotic 
1H concentration at the end of the experiment. In the graph, we took the average value of the 3 

measurements for each group. In this representation, De of mortar is decreasing compared to pastes 

solely due a decrease of porosity. For CEM I based materials, two De  values were available from 

HTO  through-diffusion techniques and performed on samples with the same formulation [14]; we 

observe a good agreement with our results for the paste and the mortar (Fig. 8 and Table 5). 

 

The CEM V based materials have in general a much lower De than CEM I based materials due 

primarily to a lower Dp. Whereas the effect of the fibers is to increase considerably Dp as discussed 

above, it is balanced for the case of the concrete made with CEM V by a much lower exchangeable 

porosity; indeed, we observe that only 60% of the estimated porosity is exchangeablein the presence of 

fibers, whereas all the porosity is exchangeable without fibers. Hence, De tends to decrease slightly. 

We also obtain a good agreement (Fig. 8 and Table 5) with HTO through-diffusion measurements 

performed on concrete with fibers (ORANO, unpublished results). However, these comparisons 

depend on the choice of porosity values.  

 

At this stage, we are not able to provide deeper insight about the detailed diffusion mechanisms 

occurring in these samples and we can only speculate. In the CEM I concrete case, the fibers may 

obviously accumulate ITZ effects strongly affecting diffusion properties. Furthermore, when Dp values 

vary significantly within a group of 3 samples, ITZ effects can be suspected because the diffusion 

measurements have a small intrinsic error (at most ±5%). Hence the final result depends on the 

particular configuration of a given sample (e.g. agglomerates or fibers locations). For the CEM I 

concrete, we obtain a very small standard deviation within the 3 samples, Dp=4.4±0.2x10-12 m2/s, 
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whereas for the CEM V concrete, it is much larger, Dp=5.9±2.2x10-12 m2/s. But when adding fibers to 

the CEM V concrete, it is reduced again Dp=5.3±0.8x10-12 m2/s suggesting a beneficial effect of fibers 

for lowering diffusion properties.  

 

 

 
Fig. 8. Average effective diffusion coefficients for all types of materials studied based either on CEMI or CEMV. The dashed 

arrow indicates the inclusion of fibers into the material. The triangles indicate 3 available De values measured by HTO 

through diffusion techniques on samples made with the same formulation.  
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6 Appendix 
 

The results are all summarized in Tables 3 to 5. The effective diffusion coefficient De is the product of 

Dp and the estimated exchangeable porosity Φex according to equation 1. The issue of the appropriate 

porosity value is however quite important. For example, the porosity Φdrying obtained by drying the 

sample at 105°C until a stable mass (±1%) is reached is always larger or much larger than ΦNMR. 

Following Larbi et al. [14] and Gallé et al. [15], the drying temperature of 105°C may induced 

structural changes explaining these differences. Porosities obtained by Larbi et al. on cement pastes at 

a drying temperature of 60°C are close to our NMR values and we took the NMR values for 

converting pore to effective diffusion coefficients. The apparent density obtained after drying is also a 

useful indicator of possible anomalies inside a group of 3 samples; for example, mortar C (CEM I 

based material) has a much lower value of dapp than the two other samples, possibly due to the 

presence of bubbles in this particular sample; otherwise dapp is relatively uniform for all other groups, 

in particular in the presence of fibers; the fluctuations of the measured Dp values for these samples 

cannot be due to a difference in the numbers of fibers within each sample. The indicated duration of 

the experiment is a minimum necessary for reaching the asymptotic concentration value Cf ; in many 

cases, data points were acquired for a longer period of time as in Fig. 2 to obtain a more accurate value 

of Cf. The exchangeable porosity  Φex is also indicated as a fraction of the estimated porosity ΦNMR.  

 

 

 

 

 
Table 3. Porosity and diffusion coefficients for 3 samples (A to C or D) of CEM I based materials: paste (P), mortar (M) and 

concrete (C).  The presence of fibers is indicated by the letter F.  

 dapp  

(g/cm3) 

Dp x1012 

(m2/s) 
Φdrying ΦNMR Φex  (% ΦNMR) 

De x1012 

(m2/s) 

Duration 

(hrs) 

PI  A 2.03 6.3 35.6 28.9 29.2  (101) 1.8 700 

PI  B 2.04 7.3 34.5 28.3 27.8  (98) 2.0 700 

PI C 2.03 9.1 35.6 27.2 27.3 (100) 2.5 700 

PI-F A  2.05 32.7 32.3 28.1 20.4 (72) 6.7 500 

PI-F B 2.08 25.3 33.0 28.1 21.0 (75) 5.3 600 

PI-F C 2.04 62.9 33.7 28.1 19.2 (68) 12.1 400 

MI  A 2.30 8.9 17.3 14.5 13.0 (90) 1.2 400 

MI  C 1.94 10.0 15.4 11.3 9.9 (87) 1.0 400 

MI  D 2.26 9.5 18.2 12.6 10.9 (87) 1.0 400 

CI A 2.32 4.6 17.7 8.2 7.2 (89) 0.3 2500 

CI B 2.26 4.2 20.4 8.3 7.5  (90) 0.3 2500 

CI C 2.29 4.4 20.2 8.0 7.0 (87) 0.3 2500 

CI-F A 2.32 22.8 17.6 8.1 4.7 (58) 1.1 500 

CI-F B 2.33 35.7 18.5 8.1 4.5 (56) 1.6 300 

CI-F C 2.35 24.6 19.2 8.1 5.0 (62) 1.2 600 
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Table 4. Porosity and diffusion coefficients for 3 samples (A to C or D) of CEM V based materials: paste (P), mortar (M) and 

concrete (C).  The presence of fibers is indicated by the letter F. 

 dapp 

(g/cm3) 

Dp x1012 

(m2/s) 
Φdrying ΦNMR Φex  (% ΦNMR) 

De x1012 

(m2/s) 

Duration 

(hrs) 

PV  B 1.82 1.0 40.3 20.1 15.9 (79) 0.16 3000 

PV C 1.96 0.7 44.8 20.7 16.1 (78) 0.12 3000 

PV D 1.88 1.5 41.0 20.2 14.8 (73) 0.22 3000 

PV-F B  2.11 6.4 56.4 20.4 13.3 (65) 0.85 1600 

PV-F C 2.17 9.6 44.3 20.4 16.1 (79) 1.15 1100 

PV-F D 2.14 11.8 59.8 20.4 14.8 (73) 1.25 600 

MV A 2.28 0.8 20.5 10.2 7.3 (72) 0.06 1800 

MV C 2.24 0.7 21.6 10.3 7.7 (75) 0.05 1200 

MV D 2.30 0.8 21.3 10.4 7.7 (74) 0.06 800 

CV A 2.37 7.9 13.4 4.2 3.9 (92) 0.31 1500 

CV B 2.36 6.3 13.6 4.1 4.0 (98) 0.26 1500 

CV C 2.37 3.5 13.3 3.5 3.4 (98) 0.12 2000 

CV-F B 2.35 6.1 15.5 4.0 2.4  (61) 0.15 2000 

CV-F C 2.36 4.5 14.1 4.0 2.4 (60) 0.11 2500 

CV-F D 2.35 5.2 13.8 4.0 2.4 (60) 0.12 3000 

 

 

 
Table 5. Average diffusion coefficient and fluctuations calculated from the standard deviation of the 3 measurements. Some 

HTO tracer results performed on samples with the same formulation are also indicated.  For the CEM I and CEM V based 

materials, the identical De values and uncertainties are coincidental.  

 Dp x 1012 (m2/s) De x 1012 (m2/s) 

CEM I based material   

Paste (PI) 

         HTO tracer [14] 

  7.6      ±1.4   2.1     ±0.4 

 2.1     ±0.4  

Paste with fibers (PI-F)    40     ±20  8     ±4 

Mortar (MI) 

        HTO tracer [14] 

  9.5     ±0.6   1.1     ±0.06 

  1.1     ±0.06 

Concrete (CI)   4.4     ±0.2   0.32    ±0.015 

Concrete with fibers (CI-F) 28   ± 7 1.3   ±0.3 

CEM V based material   

Paste (PV) 1.1    ±0.4 0.17   ± 0.06 

Paste with fibers (PV-F) 9.3    ±2.7       1.36    ±0.4 

Mortar (MV) 0.8   ±0.1 0.06   ±0.004 

Concrete (CV) 5.9   ±2.2 0.22   ±0.084 

Concrete with fibers (CV-F) 

          HTO tracer (unpublished)  

5.3   ±0.8 0.13   ±0.02 

0.12  ±0.02 
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