
ORIGINAL ARTICLE

Intra granular porosity of mineral powders: modeling
and experimentation

Mohamed ElKarim Bouarroudj . Sébastien Rémond . Adèle Grellier .
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Abstract Recycled concrete aggregate (RCA) pos-

sess high water absorption, due to the porosity of the

attached hardened cement paste they contain. Fine

particles of RCA are composed of larger amounts of

hardened cement paste, which makes their valoriza-

tion even more difficult in concrete or mortar. One

way to valorize these fine particles could be to use

them as mineral addition, however their water absorp-

tion coefficient has to be determined, which is tricky

for powders. The objective of this work is to estimate

the remaining intra granular porosity of a ground

powder using two different original approaches. The

first modelling approach considers that the porous

monolith material is composed of series of pores with

characteristic volumes. A pore is considered opened

due to grinding if it is cut by the surface of the particle

and if its size is larger than the smallest inter granular

pore. The remaining porosity after grinding is com-

puted from the pore size distribution of the monolith

material and the particle size distribution of the

powder. The second experimental approach is based

on mercury intrusion porosimetry tests performed on

the powder. The separation between inter and intra

granular porosity allows the estimation of the pow-

der’s remaining porosity. The obtained results show a

good agreement between the two approaches in the

case of disconnected pores. However, in the case of

connected porosity, the experimental approach over

estimates the amount of inter-granular porosity.
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Abbreviations

RCA Recycled concrete aggregate

MIP Mercury intrusion porosimetry

WA Water absorption

HCP Hardened cement paste

GHCP Ground hardened cement paste

LP Limestone powder

GB Ground brick

PSD Particle size distribution

qabs Real density

ci Volume fraction of grain size i

Dj Diameter of grain i
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qapp Apparent density

Q Bulk density

Vcp Characteristic pore volume

R Grain radius

qc Density of pore centers

P Mercury pressure

/ Initial porosity of the monolith material

dv Elementary volume

dNc Number of pore centers

dVp Elementary volume of pore

/r Remaining porosity

xi Volume fraction of each size of pores

R5% Radius of 5% of the passing particle

ctotal Packing density

Vs Solid volume

V0–

Vinject

Total volume of the packing for a given

pressure of mercury

c? Final packing density

Dc? Variation of packing density

t Number of taps

s Characteristic time

b Fitting parameter

Venvelope Envelope volume of grains

R2 Correlation coefficient

1 Introduction

Sustainable development is becoming a strategic issue

in the construction sector. This sector is responsible

for 25% of the total CO2 emissions, and uses 50% of

the natural resources [1]. To reduce these emissions,

replacing a part of the clinker in cement fabrication by

mineral addition, such as limestone filler fly ash…,

and replacing part of the cement by industrial by-

product when manufacturing concrete is a good

method [2, 3]. Reusing recycled concrete aggregates

for the manufacture of new concrete can be an

alternative to reduce both the consumption of natural

resources and the amount of wastes that has to be

disposed [1–4].

Recycled concrete aggregate (RCA) is composed of

a mix between natural aggregate and attached old

cement paste. RCA presents a high water absorption

(4–12%) and low density (2.1 and 2.5 g/cm3) due to

the porosity present in the cement paste [5]. The

fraction larger than 4 mm is easy to valorize in the

construction sector. The literature review [6–13]

shows that using particles lower than 4 mm in

concrete presents difficulties on controlling the fresh

and hardened behavior of concrete or mortar due to the

high water absorption caused by a high presence of

cement paste. Until now, research on RCA are focused

more on using RCA as aggregate [6–8] than as a

mineral addition in concrete [14, 15] or as a substi-

tution of clinker in cement fabrication [16].

Incorporating fine particles (\ 150 lm) of RCA in

concrete presents a challenge to face. The cement

paste is the most porous part of RCA and it is more

abundant in fine particles than in coarser ones [17, 18].

Oksri-Nelfia et al. [14] and Bordy et al. [15] suggest to

use that fraction as mineral addition in concrete. The

authors studied the effect of replacing a part of cement

by a model ground fine RCA composed of cement

paste. The results show that using ground model RCA

as mineral addition is possible up to 25% of cement

volume replacement. In these research works the

authors do not consider the porosity of the ground

RCA, which is probably still present. This porosity,

and the water absorption that goes with it, could

influence significantly the fresh and hardened proper-

ties of concrete made with these powders. Indeed, the

effective water in concrete is defined as the water that

is present in the cement paste (the available water for

cement hydration) [19, 20]. However, when a porous

mineral addition is used, part of this water is absorbed

which decreases the amount of water available for

cement hydration and for the fluidification of the fresh

mixture. In a similar research Bouarroudj et al. [21]

take into consideration the intra granular porosity

present in the ground model RCA (composed from

hardened cement paste) to correct the amount of water

introduced into the mix. They show that substituting

the cement by ground RCA with taking into account

the water absorption of the powder allows controlling

the effective water andmaintain the fluidity of the mix.

So, knowing the water absorption (or the water

accessible porosity) of RCA is of a great importance to

formulate concrete. Different methods exist to mea-

sure that porosity of coarse granular materials. For

example, the mercury intrusion porosimetry (MIP)

allows knowing the porosity and the size distribution

of pores larger than 7 nm. Also, several experimental

methods exist for the measurement of water accessible

porosity of aggregates such as EN 1097-6 [22], ASTM

C 128-04 [23], IFSTTAR N�78 [24]. However, these
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experimental methods are not applicable to fine

granular materials. Zhao et al. [25] and Le et al.[26]

showed that using standard EN 1097-6 [22] or

IFSTTAR [24] protocols to measure the porosity is

not accurate for particles lower than 0.5 mm. The

small size of grains prevents in that case from

separating particles from one to another which does

not allow distinguishing intra and inter granular

porosities. Moreover, in the case of powders, the

measurement is complicated due to the fast water

absorption [27]. Strømme Mattsson et al. [28] devel-

oped a method based on ionic mobility in dielectric

systems for the measurement of the porosity of glass

beads and cellulose agglomerates powders. However,

this method cannot be applied to mineral powders,

because of ions that can be released by the material. To

our knowledge, there is currently no method allowing

the measurement of intra granular porosity of mineral

powders.

The objective of this work is to propose alternative

methods allowing the assessment of the intra granular

porosity of mineral powders. To achieve this objec-

tive, three different types of mineral additions are

used: limestone filler, ground hardened cement paste,

and ground brick. The use of these materials allows to

study mineral additions with different porosities, pore

size distributions and connectivities of pores.

Two original approaches are proposed. The first one

is based on a theoretical model that allows estimating

the porosity of ground porous materials, from the pore

size distribution of the monolith material (material

before grinding) and the particle size distribution of

the powder. For the second approach, the porosity of

the porous powder is estimated by means of MIP test.

The paper is organized as follows. First the used

materials and their characteristics are presented. Then,

the theoretical model is described in Sect. 3 and

applied to two porous ground materials. The experi-

mental approach is presented in Sect. 4. Conclusions

and perspectives are formulated in Sect. 5.

2 Materials preparation and characterization

2.1 Materials preparation

Three different powders have been used. The first one

is a commercial Limestone Powder (LP) provided by

Carmeuse, Belgium. According to the manufacturer,

the porosity of the original limestone from which the

LP is produced is less or equal to 1%. The second is a

ground hardened cement paste (GHCP) and the third

one is ground brick (GB). The GHCP and GB are

mineral additions produced from HCP and brick,

which can be considered as model materials for CDWs

(as in [14–21]). The LP is used as a reference mineral

addition and supposed non-porous. The used materials

present clearly different pore size distributions, which

will make possible to test the modeling and experi-

mentation procedure.

The HCP is manufactured using cement CEM I

52.5 N from CBR Heidelberger cement (Belgium),

complying with standard EN 197-1 [29]. The water to

cement ratio is 0.5. To ensure a good homogenization

during the manufacturing of the cement paste, half of

the cement’s quantity is first added to the water and

mixed for 90 s, after that the other half is added and the

mixing process continues for 90 more seconds.

Thereafter, the fresh cement paste is poured in 1 L

hermetic plastic bottles. The cement paste is gently

vibrated tominimize the presence of air bubbles. In the

end, the fresh cement paste is sealed and rotated

continuously during 6 h (until setting) using a proper

rotating machine in order to avoid segregation and

bleeding. The hardened cement paste (HCP) is stored

at 20 �C in the sealed bottles during 90 days to ensure

a high hydration degree[30, 31].

Bricks are provided from the Barry division plant of

Ploegsteert company in Belgium.

The grinding procedure of both the HCP and the

brick is made of two steps. In the first step, the material

is crushed using a jaw crusher with an opening size of

8 mm to have a particle size ranging between 4 and

20 mm. These coarse particles will be used for further

characterization of the monolith HCP and brick. In the

second step, the material is ground using a ball mill in

order to get a fine powder (ground hardened cement

paste: GHCP, ground brick: GB) of dimensions lower

than 300 lm.

In order to have a close particle size distributions

(PSD) between the LP and both GHCP and GB, the

obtained powders are ground several times using a

disc crusher, until PSDs are similar.

First MIP test is made on the monolith HCP and

brick, on coarse particles produced from the first

crushing operation. After that, characteristics of the 3

powders are measured (PSD, specific surface area by
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BET and Blaine methods, helium density). Finally

MIP is carried out on GHCP, GB and LP.

2.2 Characterization protocol

For determining the porosity and the pore size

distribution of the monolithic HCP and brick, a

Micrometritics autopore IV with a mercury pressure

ranging between 0 and 200 MPa is used. Five tests are

performed with samples of approximately

1 9 1 9 1 cm3.

For the ground powders, the PSD is determined

with laser granulometer (Mastersizer 2000) using

Fraunhofer model [32]. Because of the anhydrous

particles eventually present in GHCP, the laser

granulometer tests are performed in ethanol for all

powders. The specific surface area (SSA) is deter-

mined with 3 different methods: according to standard

EN 196-6 [33] (Blaine fineness), with BET method

(micrometritics 3D FLEX surface characterization),

and computed from the PSD considering spherical

non-porous particles (Eq. 1), where cj is the volume

fraction of grain size j, qabs is the real density obtained
with helium pycnometer, Dj is the diameter of the

grain:

SSAcomputed ¼
Xn

j¼0

cj � 6

qabs � Dj

� �
ð1Þ

2.3 Characterization results

Table 1 presents the porosity, apparent density (qapp),
and bulk density (q) obtained with the MIP analyses

performed on the monolith material. The porosity of

the monolith limestone is much smaller than those of

brick and HCP and can be neglected. The MIP tests on

various samples of HCP and brick (monolith) showed

that HCP and brick are homogeneous. Figure 1

presents the pore size distributions of HCP and brick.

The diameter of the median pore of HCP is about

0.07 lm, and that of largest one is around 0.7 lm. The

critical pore diameter where the mercury intrusion

starts to increase sharply is about 0.18 lm. For the

brick, the median pore is about 3 lm, and the largest

one is around 4 lm. The critical pore diameter where

the mercury intrusion starts to increase sharply is

about 1 lm. An important difference in the pore sizes

is observed between the brick and HCP.

The particle size distributions of the three powders

are presented in Fig. 2. Given the grinding procedure

employed for GB and GHCP, the GHCP, GB and LP

have close D5% and D95% values (corresponding to the

mesh dimensions through which respectively 5% and

95% of the powder are passing).

Specific surface areas (SSA) determined with the

differentmethods for powders are presented in Table 2.

There is a large difference of SSA with the BET and

Blaine methods between GHCP and LP, GHCP having

a much larger SSA than LP. On the contrary, the

computed SSA for LP and GHCP are approximatively

the same. In the case of computed SSA, the two

powders are assumed to be composed of non-porous

spherical particles. As the PSD of GHCP and LP are

similar, the computed SSA are close for the two

powders. On the contrary, BET and Blaine methods

consider the real shape and surface roughness of

particles, as well as part of their internal porosity. In

that case, the SSA (Blaine or BET) of LP is much

lower than that of GHCP because of the internal

porosity of GHCP (capillary porosity and C–S–H

porosity). This result confirms the fact that pores are

still present in GHCP after grinding.

A small difference is observed for SSA (Computed,

Blaine and BET) between LP and GB. This can

probably be attributed to the opening of brick’s

porosity during grinding, the SSA being in that case

essentially related to particles sizes.

3 Modeling approach

3.1 Presentation of the model

The original model presented in this section allows the

estimation of the remaining porosity of a ground

porous material. The latter is fed by the pore size

distribution of the monolith porous material and the

PSD of the ground powder. The following hypotheses

are made:

1. The porous network is considered as homoge-

neous and isotropic

2. Grains are considered spherical

3. Pores are decomposed as a set of individual pores,

each being characterized by a center, a character-

istic dimension r and a characteristic volume Vcp

(Fig. 3)
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4. The pore is considered open if it is cut by the

particle’s surface and if it is larger than a diameter

which correspond to the smallest intergranular

pore (this hypothesis is discussed below).

In order to compute the remaining porosity of the

powder, the distinction between inter-granular and

intra-granular porosity should be made in the theoret-

ical model. A pore located at the surface of a new-

ground particle will be in direct contact with the inter-

granular porosity. The question if this pore has to be

considered as an inter-granular or an intra-granular

void is arbitrary. In the following, we consider that a

pore which diameter is larger or equal to the smallest

inter-granular void of the packing belongs to the inter-

granular porosity. On the contrary, pores that are

smaller than the smallest inter-granular voids are

counted with the intra-granular porosity. Figure 4

illustrate 3 neighboring particles in a packing of

monosized spherical grains of radius R. The smallest

pore of the packing corresponds to bottlenecks

between three touching particles, which radius is

equal to 0:1547� R. So, all the pores present at the

surface of ground particles which radius is larger than

0:1547� R will be considered, in the model, as new

inter-granular pores.

Table 1 Porosity measured

using MIP on the monolith

HCP, and the standard

deviations computed from 5

replicates

aResult obtained on the

monolith LP according to

the manufacturer

Test qapp MIP (g/cm3) Porosity MIP (%) q MIP (g/cm3)

HCP

1 2.1 24.81 1.58

2 2.12 27.43 1.54

3 2.13 25.15 1.59

4 2.11 26.1 1.56

5 2.12 26.22 1.57

Average 2.12 ± 0.01 25.9 ± 0.8 1.57

Brick

1 2.76 30.14 1.93

2 2.85 31.05 1.96

3 2.85 30.3 1.98

4 2.88 31.32 1.97

5 2.82 30.01 1.98

Average 2.82 ± 0.01 30 ± 0.6 1.98

LPa 2.72a 1a 2.72a
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Fig. 1 Pore size

distributions of the monolith

HCP and brick
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First, we consider only one size of spherical grain of

radius R and one characteristic size of pore r larger

than the radius of the smallest inter-granular pore

(0.1547 � R). The density of pore centers (qc) can be

defined with (Eq. 2), where dNc represents the number

of pore centers in an elementary volume dV, and / the

initial porosity.

qc ¼
dNc

dV
¼ /

Vcp

ð2Þ

The elementary volume of pores dVp can be

calculated in a volume of particle dV when

dV[ [Vcp according to (Eq. 3).

dVp ¼ dNcVcp ¼ rcVcpdV ð3Þ

dV[ [Vcp means that the volume on which the

porosity is calculated is very large in front of the

elementary volume of the pore. But that does not mean

that it is a single volume, it can be the cumulative

volume of a very large number of small grains.

The remaining pore volume (Vp) in a particle of

radius R corresponds to the porosity of all pores whose

centers are located at a distance from the center of the

grain smaller than R-r (Fig. 5), excluding all the

pores that are cut from the surface of the grain. (Eqs. 4

and 5) present the volume of remaining pores in the

particle after grinding.

Vp ¼
ZR�r

0

dVp ¼
ZR�r

0

qcVcpdV ð4Þ

Vp ¼ r
R�r

0

/
Vcp

VcpdV ¼ r
R�r

0

/dV

¼ /
4p
3

R3 � 3R2r þ 3Rr2 � r3
� �

ð5Þ
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Fig. 2 Particle size

distributions of GB, GHCP

and LP

Table 2 Specific surface areas for GB, GHCP and LP

GB GHCP LP

SSA Blaine (cm2/g) 3282 9499 3180

SSA BET (cm2/g) 10,000 90,000 8000

SSA Computed (cm2/g) 4572 5244 4972

Fig. 3 Illustration of the pore network and the grinding

procedure. r is the characteristic dimension of the pore, and

Vcp, is the volume of pore. Red pores correspond to those opened

during the grinding procedure
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The remaining porosity (/r) of the material after

grinding is finally given by (Eq. 6).

/r ¼
Vp

Vgrain

¼ /� 1� 3
r

R

� �
þ 3

r

R

� �2
� r

R

� �3� 	

ð6Þ

Equation 6 allows to compute the remaining

porosity when only one size of pores and one size of

particles are taken into consideration (if r C 0.1547

R). Pores that are smaller than 0.1547 R might also be

‘‘split’’ in two parts during grinding, but in that case,

they will still be considered as intra-granular pores so

there will be no reduction for the intra-granular

porosity of the powder with respect to the monolith

material. In order to calculate the remaining porosity

of one size of grain taking into consideration all the

pore sizes (or radii ri), (Eq. 6) has to be cumulated

over all pore sizes (Eq. 7), considering the volume

fraction of each size of pores (xi). If a pore is larger

than 0.1547 � R, the porosity is eliminated by

grinding.

/r ¼ /�
Xm

i¼0

xi þ
Xn

i¼mþ1

xi � 1� 3
ri
R

� �
þ 3

ri
R

� �2
� ri

R

� �3� 	( )

ð7Þ

with
ri\riþ1; fori ¼ 1toi ¼ n

rm\0:1547� R and rmþ1 � 0:1547� R

Finally to compute the remaining porosity of the

material for all sizes of grains (Rj), (Eq. 8) should be

multiplied by the volume fraction of each size of grain

(yj). Where R5% coresponds to the radius of 5% of the

passing particle.

/r ¼ /�
Xk

j¼0

yj

�
Xm

i¼0

xi þ
Xn

i¼mþ1

xi � 1� 3
ri
Rj

� 	
þ 3

ri
RJ

� 	2

� ri
Rj

� 	3
 !( )

ð8Þ

With
ri\riþ1; for i ¼ 1 to i ¼ n

rm\0:1547� R5% and rmþ1 � 0:1547� R5%

Fig. 4 Illustration of the smallest inter-granular pore in a packing of monosized spherical particles. Pores in red are larger than the

smallest inter-granular pore, so they are not considered in the calculation of the intra-granular porosity

Fig. 5 Illustration of pores that are excluded due to the grinding

procedure
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3.2 Application of the theoretical model to GHCP

and GB

First the theoretical model has been applied to the GB

and GHCP. The PSDs of the powders and the pore size

distributions of the monoliths are considered as input

data for the model. The performed MIP test in various

samples of HCP and brick (monolith) showed that

HCP and brick are homogeneous. The eventual cracks

initially present in the monoliths (HCP and brick) are

considered as pore, and they are considered in the

initial porosity. However, it is not possible to estimate

the additional porosity caused during the grinding

procedure, so we have to neglect the latter in the

model.

In order to obtain the final porosity after grinding

HCP and Brick, (Eq. 8) is used. The smallest inter

granular pore of each material has to be defined. In the

following, the value coresponding to 0.1547 � R5%

has been retained, where R5% coresponds to the radius

of 5% of the passing particle. This radius is considered

as the smallest grain radius of both GHCP and GB.

The remaining porosity of GHCP is 24.7%. A

difference of 1.2% in the porosity between HCP and

GHCP is observed. The remaining porosity of GB is

2%. A difference of 28% in the porosity between the

monolith brick and GB is obtained. This difference in

the porosity of the monolith and the powder is due to

the opening of pores during the grinding procedure.

The difference in the remaining porosity between

GHCP and GB is attributed to the difference of the size

of pores of the monolith HCP and brick (Fig. 1).

4 Experimental approach

4.1 MIP analyses of LP

Several authors already used MIP to study the

compaction of powders [34, 35]. According to Guerin

et al. [36] there are two distinct zones in the resulting

MIP curve on powders. The first one corresponds to

the compaction of the granular stack under the action

of the pressure increase, going from the random loose

to a random closer packing [37]. The second one refers

to the progressive filling of inter granular pore volume

by mercury.

Figure 6 presents the variation of the packing

density (ctotal) as a function of the diameter of pores

for LP when using MIP. The packing density (ctotal) is
expressed according to (Eq. 9), where Vs is the solid

volume of LP, and V0-Vinject is the total volume of the

packing for a given pressure of mercury.

ctotal ¼
VS

V0 � Vinject

ð9Þ

To identify the first zone where only compaction

occurs because of the filling of large compaction

voids, a model of compaction dynamics is used. The

compaction dynamics of granular materials has been

extensively studied in the literature [37–39]. It has

been shown that the packing density of a granular

material subjected to compaction evolves as a function

of time according to (Eq. 10):

c tð Þ ¼ c1 � Dc1 � exp � t

s

� �b� 	
ð10Þ

where c1 is the final packing density, Dc1 corre-

sponds to the variation of packing density during

compaction, t is the number of taps applied to the

powder, s is a characteristic time, and b a fitting

parameter. It has been shown that this relation can be

generally used to describe the compaction dynamics of

granular materials [39]. In this research, we apply

(Eq. 10) to characterize the first zone of the MIP on

powders, replacing the number of taps t by the pressure

of mercury (expressed as pore diameters in Fig. 6).

The application of the compaction dynamics model

needs the use of the envelope volume of grains

(Venvelope), taking into account intra granular porosity.

LP being quasi non-porous, the solid volume Vs is

considered equal to Venvelope.

Equation 10 is used here in order to describe the

first zone of the curve. It has therefore been fitted to the

MIP results from the beginning of the test up to a

certain pressure (or pore radius) corresponding to the

end of compaction. As long as (Eq. 10) allows for a

good fitting of MIP results with fitting parameters that

are meaningful, we can consider that the compaction

zone is not completed. Table 3 presents the fitting

parameters obtained for different applied pressures

when using the compaction model. It can be seen that,

for a pore radius of 2.46 lm, c1 is larger than unity,

which has no physical meaning. On the contrary, the

fitting parameters obtained for a pore radius of

3.08 lm are coherent and the fitting of the model is

good (R2 = 0.98) and shows that (Eq. 10) can be used
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to describe the compaction of powders under an

increasing pressure of mercury. It is therefore consid-

ered that the end of the first zone corresponds to 3 lm.

In this zone, the packing density of LP powder

increases from a packing density of 0.52 (random

loose packing) to 0.65 (random close packing).

According to Guerin et al. [36], the second zone

corresponds to the progressive filling of inter-granular

pore volume. As mentioned in the theoretical model,

we consider that the smallest inter-granular pore is

0.1548 � D5%, where D5% is equal to 1.04 lm for LP.

Therefore the smallest inter-granular pore is equal to

0.16 lm. The intra granular porosity of LP is 1%,

which is close to the one of the monolith LP (according

to the manufacturer).

4.2 MIP analysis on GHCP and GB

Figure 7 illustrates the different volumes considered

when using MIP to analyze a porous powder. VS is the

solid volume of particles. V0 is the initial apparent

volume of the powder, Vinjected is the volume of

injected mercury, Vcomp corresponds to the compacted

volume obtained during the transition from random

loose to random closer packing (first zone) and Vinter is

the inter-granular volume. In the case of a porous

powder, an additional volume corresponding to the

Fig. 6 Variation of ctotal as a function of pore diameter for LP. There is a direct relation between the pore size and the pressure, when the

pressure increases the pore diameter decreases. That’s why, the pore size is presented in reversed way

Table 3 Fitting parameters

obtained when using Eq. 10

to identify the compaction

zone for LP

Pressure (MPa) Pore diameter (lm) c? s (MPa) B R2

0.268 4.63 0.59 0.165 2.34 0.994

0.337 3.69 0.60 0.199 2.09 0.993

0.399 3.08 0.65 0.337 1.69 0.986

0.503 2.46 1.53 2.02 1.39 0.993
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intra-granular porosity that is accessible to mercury

has to be added Vintra.

Figure 8 presents the variation of ctotal as a function
of the diameter of pores for LP, GB and GHCP. The

diameter of the smallest intergranular pore of GB is

equal to 0.18 lm and for GHCP is equal to 0.17 lm.

Equation 10 (Eq. 10) has been used to identify the

first zone corresponding to the compaction of both GB

and GHCP particles. The envelope volume has to be

computed according to (Eq. 11). Then, dynamics of

compaction (Eq. 10) has to be fitted not to the total

packing density but to envelop packing density

(Eq. 13).

Venvelope ¼ Vs þ Vintra ð11Þ

cR5%
¼ VS

VS þ Vintra

ð12Þ

cenvelop ¼
Venvelop

V0 � Vinject

¼ VS þ Vintra

V0 � Vinject

¼ ctotal þ
Vintra

V0 � Vinject

¼ ctotal þ
VS

V0 � Vinject

� 1

cR5%

� 1

 !

cenvelop ¼
ctotal
cR5%

ð13Þ

Table 4 presents the fitting parameters for different

applied pressures for GHCP when using the com-

paction model. For a pore diameter of 1.59 lm, the

description of the first part of the curve is not satisfying

(R2 = 0.94), and it is therefore considered that the end

of the compaction zone is reached for a pore diameter

of 2 lm (R2 = 0.989). This upper limit diameter is

close to the one obtained for LP (3 lm).

Table 5 presents the fitting parameters for different

applied pressure for GB when using the compaction

model. For a pore radius of 4.66 lm, c1 is larger than

unity, which has no physical sense. On the contrary,

the fitting parameters obtained for a pore radius of

6.03 lm are coherent and the fitting of the model is

good (R2 = 0.99).

The packing density obtained with (Eq. 13) of

GHCP increases from 0.607 (random loose packing)

to 0.76 (random close packing), and for GB increases

from 0.433 (random loose packing) to 0.51 (random

close packing).

The evolution of ctotal in the second zone (inter

granular porosity) differs significantly between LP and

GHCP. The difference can be attributed to the un-

equivalent packing density of both materials, when

GHCP has a larger packing density than LP. There is a

small difference in the evolution of ctotal in the second
zone (inter granular porosity) between LP and GB, this

Fig. 7 Illustration of the different volumes when using MIP analyses on a porous powder. The different volumes correspond to

decreasing sizes of pores. P corresponds to the mercury pressure
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difference can be caused by the fact that the filling of

the inter-granular porosity start at 4 lm for GB, where

the one of the LP start at 2 lm.

Finally, the third zone allows us to compute the

intra granular porosity of GB and GHCP This value

can be computed with (Eq. 14) and is equal to 16.5%

for GHCP, and 2.1% for GB.

Intra-granular porosity ¼ 1� cR5%
ð14Þ

Fig. 8 Variation of ctotal as a function of the pore diameter for LP, GHCP and GB. There is a direct relation between the pore size and

the pressure, when the pressure increases the pore diameter decreases. That’s why, the pore size is presented in reversed way

Table 4 Fitting parameters

obtained when using Eq. 10

to identify the compaction

zone for GHCP

Pressure (MPa) Pore diameter (lm) c? s (MPa) B R2

0.399 3.08 0.71 0.24 1.89 0.983

0.503 2.46 0.74 0.29 1.67 0.985

0.606 2.04 0.76 0.35 1.56 0.988

0.779 1.59 0.79 0.43 1.44 0.949

Table 5 Fitting parameters

obtained when using Eq. 10

to identify the compaction

zone for GB

Pressure (MPa) Pore diameter (lm) c? s (MPa) b R2

0.18 6.58 0.50 0.12 1.21 0.99

0.19 6.29 0.51 0.13 1.19 0.99

0.2 6.03 0.51 0.13 1.18 0.99

0.26 4.66 1.13 2.73 0.89 0.98
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5 Comparison between the experimental

and theoretical approaches

Table 6 presents the initial porosity of the monolith

material and the remaining porosities obtained with

the theoretical model and experimentation.

The difference between initial and remaining

porosities largely depends on the type of material.

For GHCP, the remaining porosity after grinding is

still very high (24.7% with the model and 16.7% with

MIP). On the contrary, for GB, the porosity is almost

eliminated by the grinding procedure (2% and 2.1%

respectively with the model and MIP). This result can

be explained by the ratio between the size of pores to

the size of grains of the two materials. As expected,

when the size of pores is very small in comparison to

the size of grains, grinding do not eliminate a lot of

porosity (case of the GHCP). On the contrary, when

the size of pores is close to that of grains (as for GB),

grinding leads to an opening of the majority of pores

which transforms intragranular pores into

intergranular.

Moreover, for the GHCP, the porosity obtained by

the experimental approach is significantly smaller than

that obtained with the model. For this material, when

the pressure of mercury is large enough so that it can

enter pores of radius (0.1547 9 R5% = 0.18 lm),

mercury will penetrate deeper in the particles as long

as the pore radius is larger than or equal to 0.18 lm.(

which is considered in that case as intergranular

porosity). Even if the volume of pores larger than or

equal to 0.18lm is small (about 4% measured on the

monolith in Fig. 1), it could be significantly larger in

the ground material. Indeed, MIP tends to underesti-

mate the fractions of large pores because of the ‘‘bottle

of ink’’ shaped pores, with an inlet diameter narrower

than the diameter of the pore itself. When the material

is ground, the large increase in surface area of the

powder comparatively too the monolith certainly

opens an access to a larger amount of large pores

and decreases the influence of ‘‘bottle of inks’’ on the

result. According to that, the model, which is based on

the MIP on the monolith overestimates the remaining

porosity, whereas the experimental procedure under-

estimates it for GHCP.

On the contrary, the porosity of GB obtained with

the experimental approach is 2.1% which is very close

to the value predicted by the theoretical one (2%). In

that case, the size of pores is much closer to the size of

particles, therefore, grinding eliminates a lot of pores.

Figure 1 shows that 2% of the porosity is smaller than

0.1547 x R5%, this value is close to those obtained by

the two procedures. In that case, the major part of the

pores is eliminated by grinding, even more for ‘‘bottle

of inks’’ pores which are larger than entry pores on the

monolith.

Whatever the method used, the porosity of the

GHCP is still high. Thus, it is clear that grinding a

monolith porous material does not eliminate all the

porosity if the size of particles is much larger than the

size of pores.

To conclude, the parameter which controls the

remaining porosity is the ratio between the size of

pores and the size of grains. In the case of brick, the

size of pores in the monolith is close to the size of

grains of GB, so a large part of porosity is eliminated,

and both theoretical and experimental methods give

similar results. In these conditions, both methods can

be employed, depending on the data available. For

GHCP, the two methods give different results, which

can be attributed both to the much smaller size of pores

than size of particles and to the pores in bottle of ink

shape which are more present in the monolith than in

the ground material. In that case, the result given by

the experimental approach are underestimated,

whereas those of the model are certainly overesti-

mated. However, it is preferable to use the model

instead of the experimental approach for these kind of

materials as MIP seems to largely underestimate the

remaining porosity. But it is needed to have the pore

size distribution before grinding for applying the

theoretical model, which is not always possible. In that

Table 6 Comparison between the remaining porosity obtained with theoretical model and experimental procedure

Initial porosity (%) Theoretical model (%) Experimentation (%)

GHCP 25.9 24.7 16.7

GB 30 2 2.1
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case, the experimental method can be used, and it

should be kept in mind that the final result is

underestimated. As mentioned in part 1, there is

actually no alternative method allowing the measure-

ment of this porosity.

6 Conclusion

Two approaches, theoretical and experimental have

been presented in this paper to estimate the remaining

intra granular porosity of a material addition after

grinding.

An original model has been developed in order to

compute the remaining porosity of porous powders.

This model is fed by the pore size distribution obtained

for the monolith porous material and the particle size

distribution obtained after being ground.

An experimental procedure based on MIP on

powders has also been developed to estimate their

inter and intra-granular porosities. Inter granular

porosity is first identified with a model of compaction

dynamics that can be fitted on the mercury intrusion

curve at low pressure. The end of the inter-granular

porosity zone is identified with the smallest inter

granular pore, then after the intra-granular porosity of

the particles can be deduced.

The two approaches have been applied on ground

hardened cement paste and brick. The results suggest

that:

• The major part of the porosity of the brick is

eliminated by grinding, which is not the case for

the GHCP. This is explained by the fact that the

size of pores and size of grains are close in GB,

which is not the case of GHCP, where the smallest

grain (R5%) is 10 times bigger than the largest pore.

• The of bottle of ink-shaped pores are more

abundant in the monolith than in the powder due

to the increase in surface area connected with

mercury in the latter, which can explain the

differences on porosity between the two

approaches on the GHCP.

• The theoretical model certainly overestimates a bit

the remaining porosity and the experimental

method underestimates it. When possible, the

modeling approach has to be preferred because of

the difficult interpretation of experimental results

of MIP on powders and of the underestimation of

remaining porosity.

The next step of this research is to study the effect of

using a porous powder as mineral addition, and the

effect of its porosity in the fresh and hardened

behavior properties on mortars or concrete.
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nez-Abella F, González-Taboada I, Silva P (2015) Study of

the rheology of self-compacting concrete with fine recycled

concrete aggregates. Constr Build Mater 96:491–501.

https://doi.org/10.1016/j.conbuildmat.2015.08.091

11. Evangelista L, Guedes M, De Brito J, Ferro AC, Pereira MF

(2015) Physical, chemical and mineralogical properties of

fine recycled aggregates made from concrete waste. Constr

Build Mater 86:178–188. https://doi.org/10.1016/j.

conbuildmat.2015.03.112

12. Bouarroudj ME, Remond S, Michel F, Zhao Z, Bulteel D,

Courard L (2019) Use of a reference limestone fine aggre-

gate to study the fresh and hard behavior of mortar made

with recycled fine aggregate. Mater Struct. https://doi.org/

10.1617/s11527-019-1325-1

13. Omary S, Ghorbel E, Wardeh G, Minh B, Nguyen D (2017)

Mix design and recycled aggregates effects on the con-

crete’s properties. Int J Civ Eng 8(16):973–992. https://doi.

org/10.1007/s40999-017-0247-y

14. Oksri-Nelfia L, Mahieux P, Amiri O, Turcry P, Lux J (2016)

Reuse of recycled crushed concrete fines as mineral addition

in cementitious materials. Mater Struct 49(8):3239–3251.

https://doi.org/10.1617/s11527-015-0716-1

15. Bordy A, Younsi A, Aggoun S, Fiorio B (2017) Cement

substitution by a recycled cement paste fine: role of the

residual anhydrous clinker. Constr Build Mater 132:1–8.

https://doi.org/10.1016/j.conbuildmat.2016.11.080

16. Krour H, Trauchessec R, Lecomte A, Diliberto C, Barnes-

Davin L, Bolze B, Delhay A (2020) Incorporation rate of

recycled aggregates in cement raw meals. Constr Build

Mater 248:118217. https://doi.org/10.1016/j.conbuildmat.

2020.118217

17. Kapoor K, Singh SP, Singh B (2016) Durability of self-

compacting concretemadewith recycled concrete aggregates

and mineral admixtures. Constr Build Mater 128:67–76.

https://doi.org/10.1016/j.conbuildmat.2016.10.026

18. PN R (2012) Complete recycling of concrete. http://www.

pnrecybeton.fr/.

19. Neville A (1988) Properties of concrete

20. Williams DA, Saaka AW, Jennings HM (1999) The influ-

ence of mixing on the rheology of fresh cement. Cem Concr

Res 29:1491–1496

21. Bouarroudj M, Bulteel D, Potier G, Michel F, Zhao Z,

Courard L (2020) Use of grinded hardened cement pastes as

mineral addition for mortars. J Build Eng. https://doi.org/10.

1016/j.jobe.2020.101863

22. E. 1097-6 (2013) Tests for mechanical and physical prop-

erties of aggregates—part 6: determination of particle

density and water absorption

23. ASTM C 128–04 (2004) Standard test method for density,

relative density (specific gravity), and absorption of fine

aggregate

24. IFSTTAR. Test Methode No.78 (2011) Tests on granulats in

concrte: measurment of total water absorption of crushed sand

25. Zhao Z, Remond S, Damidot D, Xu W (2013) Influence of

hardened cement paste content on the water absorption of

fine recycled concrete aggregates. J Sustain Cem Mater

2(3–4):186–203. https://doi.org/10.1080/21650373.2013.

812942
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