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Abstract

We developed a mercury intrusion porosimetry (MIP) simulator that takes into account the hierarchical structure of the porosity in certain

materials (e.g., cement paste). We show that pore diameters indicated by the MIP results depend not only on the pore size distribution in the

sample, but also on the connectivity of the pore space. On the basis of our simulations, we interpret experimental data obtained for cement

pastes with and without a reactive admixture. The MIP data show that the capillary porosity for the pure paste is connected, even for the

water/cement ratio w=c � 0:30, at variance with the Powers-Brownyard model of hydration. Our experimental results are in accordance with

observations that the hydration process fixes the morphology of the hydration product. This morphology does not evolve continuously with

w/c, only with the fraction of C-S-H corresponding to a given morphology evolves. D 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Mercury intrusion porosimetry (MIP) is a widely used

method for measuring the pore size distribution in porous

media. It is based on the fact that for squeezing out a

nonwetting fluid in a pore of the diameter d, a pressure P

inversely proportional to the diameter of this pore must be

applied. For a cylindrical pore this pressure is given by the

Washburn (Laplace) relation, as seen in Eq. (1):

P � ÿ4
cosQ d= �1�
where 
 is the surface energy of the liquid and Q is the

contact angle. The fraction of porosity occupied by pores

having diameters in the interval (d; d + dd) is then deduced

from the volume of mercury intruded in the pressure range

(P; P + dP), supposing that all the pores are directly

connected to the source of mercury. As this hypothesis is not

generally verified, it turns out that the measured and the real

pore size distributions differ significantly. In fact a pore of

diameter d accessible only through pores of smaller

diameters d
0
< d (`̀ hidden'' pore) contributes to the porosity

related to a diameter d
0
.

Several types of the mercury intrusion simulators have

been developed to reach a better understanding of this

phenomena. One of the oldest ideas was to represent a

structure of a porous solid as a random packing of spheres

[1,2]. This approach is suitable for sandstone and unconso-

lidated media, but it is not sufficiently general. An important

number of simulators were built on the `̀ pore network''

models [3±5]. Pores, represented as tubes of a given

diameter, are distributed over a regular network (Fig. 1).

These models are rather simple, but they contain all the

necessary ingredients for a correct qualitative description of

the transport in porous media. A simple variation of these

are so called `̀ pore-throat'' models, where the nodes of the

network represent pores, which are connected by a narrow

cylindrical throats [6]. The throats control the invasion, and

the pores the retraction. Simulators have been devised where

not only the diameter but also an exact form of pores and

throats was taken into account [7]. An advantage of the pore

network models is that they can be treated using the tools of

percolation theory [8].

In this context should be mentioned the work of Larson

and Morrow [9], who developed a simulator based on Bethe

lattice (tree-shaped network with a fixed connectivity). The

percolation problem on the Bethe lattice is exactly soluble,

so this model permits an analytical treatment.
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Works cited above establish the link between the MIP

and the percolation process, but the simulation results are

generally not directly comparable with the experimental

data (except in some special cases such as sandstone). The

major shortcoming of these models is that the possible

correlations between neighbor pores are not taken in ac-

count. This approximation is not always satisfactory [10]. In

fact in a number of materials (e.g., cement pastes, fractured

rocks) porosity presents a hierarchical structure, which

naturally introduces correlations between the pore length

and the pore diameter. These correlations have an important

influence on the MIP results. The correlations can be

introduced by means of the fractional Brownian motion,

as in Knackstedt and Sheppard's work [10], or by a con-

struction of a hierarchical network [11,12]. The second

possibility, used in the present work, has an advantage that

a separate families of pores on different length scales are

naturally obtained. The geometry of the network is rela-

tively simple and the results can be easily understood.

In this article we focus on the interpretation of the MIP

results obtained for hardened cement pastes (hcp). Two

types of porosity can be distinguished in a cement paste:

the porosity of the hydration product (C-S-H porosity) and

the macroporosity (also called capillary porosity). Experi-

ments show that the C-S-H porosity consists of two families

of pores [13], which we denote micropores (typical diameter

of 20 to 30 nm) and nanopores (typical diameter of 2 to 4

nm). These two families of pores can be interpreted as the

porosity of outer and inner C-S-H. The outer C-S-H then

would be the hydrates developed at the beginning of the

hydration process, when their formation is not restricted by

the geometrical constrains, and the inner C-S-H would be

formed at the end of the hydration process. It should be

mentioned that the microscopic organization of C-S-H pores

still remains under investigation. Assumed to be an intrinsic

property of the hydrates, the C-S-H porosity should not

evolve with the water/cement (w/c) ratio [13]. The macro-

porosity includes all the pores having the diameters d > 30

nm. According to the Powers-Brownyard (PW) model [14],

these pores are formed by the volume occupied by water

that is not consumed during the hydration process, and

hence it depends strongly on the w/c ratio. For w/c < 0.38 all

the water is ultimately consumed, so there is no macro-

porosity present in the sample. It starts to develop only for

w/c > 0.38 [14].

Our experimental MIP results do show a change of the

pore size distribution with w/c ratio. Nevertheless, for the

reasons cited above, an interpretation of this evolution is

not straightforward. We developed a three-dimensional

MIP simulator based on a multiscale percolation network

[11,15], having three levels of hierarchy corresponding to

the three families of pores. This model, described below,

allows us to elucidate the relationship between the real and

the measured pore size distributions. We study the change

of this distribution under the variation of the porosity of

macropores. The obtained results allow a correct interpre-

tation of the experimental data.

2. Description of the model

Take a regular cubic network of L3 sites. A two-dimen-

sional section of such a network is represented in Fig. 2a.

Let a be the distance between two nearest neighbor sites

(grid size). A pair of neighbor sites i, j is connected by a

cylinder-shaped pore of a diameter dij, which is randomly

drawn from a distribution f (d ) [see Eq. (2)]:

f �d� � 1ÿ p� �d d� � � pg d� �; 0\p\1 �2�
where d(d) is a delta distribution and g (d ) is a strictly

positive distribution. Consequently, a fraction (1 ÿ p) of

pores has a null diameter. The parameter p fixes the

network connectivity.

Fig. 1. A simple pore network model, representing one level of the

hierarchical network. Sites (.) and pores (2) of non-null diameter. A pore

has the form of a cylinder of length a and diameter d.

2

Fig. 2. Construction of the hierarchical network with H � 2 levels of hierarchy with the scaling factor b � 2; p1 � 0:6; p2 � 0:4. (a) One-level network with

the grid size a1; (b) one-level network with the grid size a2 � 2a1; (c) the hierarchical network after the superposition of (a) and (b).
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Let the network described above represent the first level

of a hierarchical pore structure. It is fully determined by the

parameters L, a1, and p1 and by the distribution g1(d). A

hierarchical network with two levels is created by the super-

position of this network to a similar network with the grid

size a2, where a2 is a multiple of a1 �a2 � ba1�, and with a

pore size distribution f2�d� � �1ÿ p2�d�d� � p2g2�d�. This

process is illustrated in Fig. 2. By definition, pores on the

first level covered during the superposition by the pores of

the second level disappear.

The basic length scale of the hierarchical network is the

grid size a1. It is thus natural to decompose each pore on the

level 2 into b segments of the length a1. Now two nearest

neighbor sites in the original network are connected by a

segment of a pore; the diameter of a segment connecting

sites i, j is denoted dij. A pore segment will be called

`̀ accessible'' if it is connected to one of the faces of the

network by an uninterrupted path of segments. The set of

such segments is denoted V. The volume of a segment being

vij � pd2
ija1=4, the volume of accessible pore space V0, is

calculated as V0 � �Vvij.

The algorithm of the MIP simulations reflects the experi-

mental procedure. It is similar to the algorithm used in the

case of invasion percolation [16,17]. The network is `̀ im-

mersed'' in mercury, which is allowed to enter the pore space

from all the faces. From Eq. (1) a pore diameter d is

associated to each pressure P, so that only the pores with d 0

[ d can be invaded. If a pore is invaded at a given pressure P,

its neighbors with the diameter d 0 [ d are also invaded. We

measure the intruded volume Vi(d ) under the pressure P(d ).

Let V(d ) be the cumulative volume of accessible pores in

the sample, having the diameters d 0 > d. For the interpreta-

tion of our simulations we use a function C(d ), defined as

C d� � � dV d� �
d lnd� � �3�

C(d ) is defined as a logarithmic derivative rather than a

normal derivative, because then it allows comparison of the

porosity of two pore families with very different character-

istic diameters: eC(d ) gives the fraction of the total acces-

sible pore volume V0 due to pores being in the diameter

interval (d; d + ed ) rather than in the interval (d; d + e). As

discussed in the introduction, due to the existence of hidden

pores the intruded volume Vi(d ) under a pressure P(d ) is

generally different from V(d ). Then the measured pore size

distribution C(d ) [defined through the logarithmic deriva-

tive of Vi(d )] will be also different from the real distribution

C(d ). The aim of this section is to find the relationship

between C(d ) and Ci(d ) in hierarchical networks as a

function of the porosity.

The distribution C(d ) [or Ci(d )] is defined as a contin-

uous function of the diameter [Eq. (3)]. In experiments, the

intruded volume is not measured continuously, but a dis-

crete sampling is used. Generally we take a set of pressures

{P0, P1 . . . Pmax} distributed over a logarithmic scale (Pi+1

� aPi, where a is a chosen constant) and the intruded

volume is measured for each of these pressures. The same

procedure is used in the simulations, but instead of working

with the pressures, we work directly with a set of corre-

sponding diameters (d0, d1, . . . dmin). Plotted function Ci(d )

is than evaluated as shown in Eq. (4)

Ci

di � di�1

2

� �
� Vi di� � ÿ Vi diÿ1� �

ln di diÿ1= �� �4�

We use a similar sampling frequency as in real experi-

ments. Because of the computer limitations, we work with

a networks of `̀ moderate'' sizes: L � 40 (403 sites) in the

case of one-level network and L � 80 in the case of

hierarchical network. Then the ratio of the maximum pore

size to the sample size is much smaller for the simulations

(20±40) than in the case of real experiments ( � 1,000).

The finite size effects resulting from this choice are

discussed in detail below.

Assuming that the pore size distribution is described by

Eq. (2), the porosity can be varied by changing either p or

g(d). The implications of changing g(d ) under the fixed

connectivity p are rather trivial. We thus focus on the less

trivial case, where the pore size distribution of the pores

of non-null diameter g(d ) is fixed, and only the connec-

tivity of the network varies. As we look only for a

qualitative correspondence between our model and the

cement paste (we cannot pretend to obtain a good quanti-

tative description with a pore-network model), the choice

of the length scale and precise form of g(d ) have a little

importance. For simplicity we assume that g(d ) is a

Gaussian distribution with mean m and variance s, trun-

cated for d < 0. If (s/m)2 << 1, we have approximately

g(d) ' 1/
����������
2ps2
p

exp�ÿ�dÿm�2=2s2�. The main part of

the porosity is then due to pores of the diameter

dM =
���������hd2ip � ������������������

m2 � s2:
p

3. Simulation results

For better understanding of the dependence of MIP

results on the connectivity of the pore space, we first

examine the case of a simple one-level network with

m � 1 and s � 0:2. The distributions Ci(d ) obtained for

different values of p are shown together with C(d ) in Fig.

3. We remark the existence of a critical diameter dc (or

equivalently of a critical pressure Pc). For P < Pc, the

volume of invaded pore space is very small, even if the

porosity created by pores having a diameter d > dc is not

negligible, because smaller pores on the surface block the

access of the liquid into bigger pores in the bulk of the

network. The part of the peaks present for d > dc is only

due to the finite size effects. If the size of the network

grows, the surface/volume ratio goes to zero and the

fraction of porosity invaded for P < Pc vanishes (Fig.

4). The bulk is invaded only at Pc; the network of

invaded pores forms for the first time a percolating cluster

R. VocÏka et al. / Cement and Concrete Research 30 (2000) 521±527 523



[8]. Hence the critical diameter is related to the percola-

tion threshold pc of the network by the relation seen in

Eq. (5) [18]Z 1
dc

g x� �dx � pc

p
�5�

For the cubic bond percolation network it is known that pc

� 0.249 [19]. As the bulk is already invaded for P > Pc,

an important fraction of pores is directly connected to the

percolating cluster of invaded pores, so Ci(d ) converges

rapidly toward C(d ). In a very narrow region around dc

this convergence is algebraic [8]. Our numerical results

indicate that out of this critical region Ci(d ) converges to

C(d ) exponentially (inset A in Fig. 4). This convergence is

related to the distribution of isolated clusters of pores

having the diameter d > dc. This explains the fact that

the convergence is slower for weekly connected networks,

where the probability of existence of isolated clusters is

higher (see Fig. 3). As shown by the previous analysis,

MIP results indicate a nonzero porosity only once invaded

pores form a percolating cluster. Information about the pore

size distribution of pores having d > dc is not accessible by

this method. Another important point is that the value of

dc, corresponding roughly to the peak of Ci(d ), can be

different from dM [the peak of C(d )]. For the low con-

nectivity networks, dc is significantly lower than dM.

Now we return to the hierarchical network. We

choose a network with three hierarchical levels, corre-

sponding to the three families of pores in cement

pastes. For simplicity we assume that the scaling factor

value is b � 2. The case of higher values of b will be

discussed at the end of this section. The distribution of

pore diameters on each level is given again by Eq. (2).

Let the parameters of g(d ) on each level be, respectively,

m1 � 1; s1 � 0:2; m2 � 2; s2 � 0:4; and m3 � 4; s3 � 0:8.

We obtain three distinct families of pores having typical

diameters dM � 1:02; 2:04, and 4.08. MIP peaks corre-

sponding to these families are denoted by Roman numbers

I, II, and III. The connectivity and the porosity of the

network are determined by the triplet (p1, p2, p3).

The results are shown in Fig. 5. The connectivity, as well

as the porosity, are maximum if p1 � p2 � p3 � 1Ð

case�1; 1; 1�. This corresponds to a high w/c ratio. As w/c

decreases, the porosity of macropores decreases as well,

which is simulated by decreasing the value of p3Ðcase

(1;1;0.5). Peak III evolves similarly as the isolated peak

Fig. 3. Results of the simulations of the mercury porosimetry intrusion in the

network with the Gaussian distribution of pore diameters �m � 1; s � 0:2�.
Results for p � 1�.), p � 0:5�5�; and p = 0.3(~). The values of dc

obtained from Eq. (5) are shown, respectively, with dot-dashed, long-

dashed, and dotted thin lines. The real pore size distribution C(d ) is shown

by bold solid line. C(d )/V0 does not depend on p.

Fig. 4. Results of the MIP simulations in the network with the Gaussian distribution of pore diameters �m � 1; s � 0:2�. Results for the networks of the size

between 103 and 1603 sites. C(d ) with a thick solid line. Inset A: Exponential convergence of Ci(d ) toward C(d ) for d < dc (linear-logarithmic plot). To present

clearly the effects of the finite size, the frequency of sampling used in these simulations was much higher than in real experiments. The effects of sampling

frequency are seen in inset B.
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studied above: its position moves toward the smaller dia-

meters. Next, we decrease both the values of p2 and p3,

which allows us to study the behavior of the MIP results if

the connectivity of micropores is lowered as wellÐcase

(1;0.5;0.3). Peak III continues to shift toward the smaller

diameters, but the position of peak II is unchanged. In fact

as macropores still form the percolating cluster, the network

of micropores is always well connected through the macro-

pores, so the variation of p2 has no effect on the position of

peak II. Last, the connectivity of all pore families is

decreasedÐcase (0.8;0.4;0.1). The value of p3 is now below

the percolation threshold. Macropores do not form a perco-

lating cluster and so peak III disappears. Peak II becomes

the leftmost peak, so it moves toward the smaller diameters

and the position of peak I does not change. It is thus seen

that (with the exception of the leftmost peak) the positions

of the peaks on the MIP results do not depend on the

connectivity, so it indicates the correct diameter of the

corresponding pore class. The diameter indicated by the

leftmost peak can be underestimated.

In Fig. 6 we plot Ci(d ) and C(d ) for the case

(0.8;0.4;0.1), which allows comparison of the real and the

measured porosity corresponding to a given family of pores.

The porosity indicated by the leftmost peak (peak II) is

clearly overestimated, because the porosity of macropores

that do not form a percolating cluster appears as a part of

this peak. The estimation furnished by the second peak from

the left (peak I in this case) is already reasonable.

The preceding results were obtained for the network

with the scaling factor b � 2, which corresponds to the

case where the length scales of neighbor families of pores

are close. The analysis is different if b >> 2. This case is

not accessible for the simulations because of the computer

limitations; nevertheless, the behavior can be deduced from

the preceding results. The pores on the level i will occupy

large regions that are not intersected by the pores of larger

diameter (level i 0 > i). Hence the percolation-like effects,

observed on the one level network (Fig. 3), will affect all

families of pores. Then the position of each peak will

evolve independently with the connectivity of the corre-

sponding pore class.

In the cement paste, the ratio of typical diameters of

neighbor pore classes is of the order of 5 to 10 (Fig. 7), so

the question of the significance of results obtained with a

network with b � 2 arises. It must be stressed that b is the

Fig. 5. Results of the MIP simulations on the hierarchical network with

three levels, b � 2. The parameters of the pore size distribution are

m1 � 1;m2 � 2;m3 � 4; s1 � 0:2; s2 � 0:4; s3 � 0:8. Ci(d ) with p1, p2,

p3 equal respectively to 1.0, 1.0, 1.0 (.); 1.0, 1.0, 0.5 (5); 1.0, 0.5, 0.3 (~);

0.8, 0.4, 0.1 (/).

Fig. 6. Comparison of Ci(d ) (/) with C(d ) (dot-dashed thin line without

symbols) with �p1; p2; p3� � 0:8; 0:4; 0:1:

Fig. 7. Experimental results of the MIP in CEM I pastes. w=c = 0.5 (~),

w=c = 0.4 (5), w=c = 0.3 (.).

R. VocÏka et al. / Cement and Concrete Research 30 (2000) 521±527 525



ratio of the length scales, which can be generally different

from the ratio of the typical diameters. Moreover, as it is

seen on experimental MIP results, neighbor peaks are not

separated [Ci(d ) > 0 between two peaks], which suggest

that the length scales of neighbor families of pores are not

separated either. From this point of view the network with

b � 2 better represents the structure of the cement paste

than the network with b >> 2.

4. Interpretation of experimental data

Pore size distributions were measured on hardened

cement pastes (hcp). Two cements were selected: CEM

I (ordinary Portland cement) and CEM V (blended

cement with slag and ashes). Materials were cured under-

water during an average period of 30 months. After

curing, hcp were freeze-dried for MIP tests [20].

In Fig. 7 we plot the pore size distributions obtained for

the CEM I hcp with w=c � 0:3; 0:4, and 0.5. For w=c � 0:4
and 0.5 two marked peaks are visible: the macroporosity

peak (peak III) and the microporosity peak (peak II). Since

the characteristic diameter of the third family of pores is too

small, only the beginning of the nanoporosity peak is visible

(peak I). With decreasing w/c the position of peak III shifts

toward smaller diameters. From the analysis of the volumes

of the capillary porosity we deduce that the main reason for

this displacement is not an average decrease in the pore

diameters, but the decrease in the connectivity of the pore

space. For w=c � 0:5 the capillary porosity is divided into

two peaks: a small peak around d ' 200 nm with corre-

sponding volume v1 = 0.0045 mLgÿ1 and a marked peak

around d ' 80 nm with corresponding volume v2 = 0.044

mLgÿ1. For w=c � 0:4 the capillary porosity is concentrated

in one peak centered around d ' 50 nm with corresponding

volume v3 � 0:036mLgÿ1. Under the hypothesis that the

structure of the pore space does not evolve between

w=c � 0:5and0:4 and that only the diameter of the capillary

pores changes, it is possible to evaluate approximately the

volume of the capillary pores for w=c � 0:4 from the results

at w=c � 0:5. If the diameter of the capillary pores de-

creases from 200 and 80 nm to d ' 50 nm, the volume of

the capillary pores for w=c � 0:4 is given by v ' (50/

200)2v1 + (50/80)2v1 ' 0.017 mLgÿ1. This value is much

smaller than v3 obtained by the MIP. Hence the diameter of

capillary pores measured by MIP is underestimated, with the

peak being shifted to the right due to the small connectivity

of the pore space.

It is interesting to note that peak III is visible even

for w=c � 0:3. It shows that there exists a macropor-

osity in the sample even for w/c < 0.38, which seems

to be in disagreement with the Powers-Brownyard

model of hydration. As discussed elsewhere [21], the

macroporosity is not necessarily formed by water in

excess, but it can be also a product of self-desiccation.

The authors claim that there exists a point of the

hydration process behind which macroporosity no longer

forms a percolating cluster. Then, even if the sample is

cured under water, the relative humidity in the isolated

cavities decrease, which results in the formation of

macropores. Nevertheless, it must be pointed out that

because the macroporosity peak is present on the MIP

results, macropores do form a connected cluster

throughout the sample [see the discussion around Eq.

(4)]. This shows that the macroporosity is not only a

result of self-desiccation.

The position of peak II does not evolve with w/c, only

its amplitude does. This is in accordance with observation

that the hydration process can lead to several character-

istic morphologies of the pore space (for example outer

and inner C-S-H) [14]. The morphology does not evolve

continuously with w/c; only a fraction of C-S-H corre-

sponding to a given morphology varies.

The results for the CEM V pastes are presented in Fig.

8. The peak III is absent. It starts to develop only for

w=c � 0:5, which shows that the percolation threshold of

the capillary porosity is much higher for CEM V than for

the CEM I paste. This observation conforms to theoretical

predictions [22]. The leftmost peak then corresponds to

the C-S-H porosity (peak II). For w=c � 0:5 it has exactly

the same position as for CEM I pastes (see the inset in

Fig. 8), which indicates that the morphology of C-S-H

hydrates is the same in both cases. The position peak II

moves toward the smaller diameters as w/c decreases,

which is clearly an artifact due to small connectivity

effects: as shown in the CEM I case, morphology does

not evolve continuously with w/c, but it is fixed by the

hydration process. As well as in the CEM I hcp case, the

fraction of the porosity formed by outer C-S-H decreases

with w/c.

Fig. 8. Experimental results of the MIP in CEM V pastes. w=c = 0.5 (~),

w=c � 0:4�5�;w=c � 0:3�.�. In the inset comparison of the results for

CEM I (4) and CEM V (~) for w=c � 0:5:
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The pore size distribution changes drastically if a reactive

mineral admixture is added to the pure paste, even if formed

hydrates are the same in both cases. The difference is

probably due to the dynamics of the hydration process. Slag

and ashes form the hydrates through reaction with the

Portlandite. This reaction can proceed only once the hydra-

tion of C3S and C2S have started. The hydration is then

slower and the organization of hydrates is different in CEM

V than in the pure hcp case.

5. Conclusion

We have developed a MIP simulator that takes into

account the hierarchical structure of the porosity of cement

pastes. We have shown that the position of peak III,

corresponding to the family of pores with the biggest

diameters, depends not only on the real diameter of these

pores but also on the connectivity of this pore class in the

sample: as connectivity decreases, the position of the peak

shifts toward smaller diameters. The position of the other

peaks does not evolve if the connectivity is changed.

Similarly, the porosity indicated by the leftmost peak is

overestimated, since it includes the porosity created by

macropores that do not form themselves a percolating

cluster. The other peaks furnish a reasonable estimation of

the porosity of the corresponding pore family. These results

clearly indicate the limitations of the MIP technique and

they allow for a correct interpretation of the MIP data. We

have interpreted MIP data obtained for the CEM I and CEM

V cement pastes. Experimental data show that in the CEM I

case a connected capillary porosity is present even for

w=c � 0:3. Remember that our samples were cured for a

period of 30 months, so a complete hydration should be

achieved. Moreover, the fact that the macroporosity is

connected seems to rule out the hypothesis that it is formed

as a consequence of the self-desiccation. This result is rather

surprising, because it is at variance with the Powers-Brown-

yard model of hydration. The addition of reactive mineral

admixture raises the percolation threshold of the capillary

porosity, which raises up to w/c = 0.5 for CEM V paste.

MIP results are in accordance with observations that the

hydration process determines the morphology of the hydra-

tion product, which is then fixed and does not evolve with

w/c. The morphology of C-S-H corresponding to pores

accessible by MIP (d > 3 mm) seems to be the same for

the pastes with and without reactive admixture.
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