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Numerous mercury intrusion porosimetry (MIP) studies have been carried out to investigate the pore
structure in cement-based materials. However, the standard MIP often results in an underestimation of large
pores and an overestimation of small pores because of its intrinsic limitation. In this paper, an innovative MIP
method is developed in order to provide a more accurate estimation of pore size distribution. The new MIP
measurements are conducted following a unique mercury intrusion procedure, in which the applied pressure
is increased from the minimum to the maximum by repeating pressurization–depressurization cycles
instead of a continuous pressurization followed by a continuous depressurization. Accordingly, this method
is called pressurization–depressurization cycling MIP (PDC-MIP). By following the PDC-MIP testing
sequence, the volumes of the throat pores and the corresponding ink-bottle pores can be determined at
every pore size. These values are used to calculate pore size distribution by using the newly developed
analysis method. This paper presents an application of PDC-MIP on the investigation of the pore size
distribution in cement-based materials. The experimental results of PDC-MIP are compared with those
measured by standard MIP. The PDC-MIP is further validated with the other experimental methods and
numerical tool, including nitrogen sorption, backscanning electron (BSE) image analysis, Wood's metal
intrusion porosimetry (WMIP) and the numerical simulation by the cement hydration model HYMOS-
TRUC3D.
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1. Introduction

Cementitious materials react with water, producing hydration
products at the surface of cement particles and growing into the
initially-water-filled space. The main hydration product (C–S–H) is a
colloidal amorphous gel and contains pores, which are called gel pores
[1]. The gel pore has a size of approximately several nanometers. The
empty or initially-water-filled space is called capillary pore. The capillary
pore has a size ranging from several nanometers to severalmicrometers.
Many properties of cement-based materials are directly or indirectly
related to pore structure [2]. Generally speaking, strength and elasticity
are principally a function of the total porosity. The total porosity, shape,
size and connectivity of pores determine water and ionic transport and
they thus govern the permeability, diffusivity and durability of cement-
based materials. The pore structure also has influence on shrinkage and
creep. Therefore, correct characterization of the pore structure is of great
importance to interpret the properties of cement-based materials.
Mercury intrusion porosimetry (MIP) has become one of the most
widely used methods for investigating the pore structure in cement-
basedmaterials since thework ofWinslowandDiamond in the 1970s [3].
The standardMIPmeasurement is conducted as follows. Samples arefirst
dried in order to remove water from pores. The dried samples are
weightedandplaced intoa chamber. Thechamber is evacuated to remove
air from the samples. Then mercury fills up the chamber. As the applied
pressure is increased, mercury is forced to intrude into the samples
gradually. Themercury intrusion volumes and the corresponding applied
pressures are recorded at every pressure steps. The mercury intrusion
volume and the corresponding applied pressure provide thebasic data for
the analysis of pore structure. With the assumption that pores are
cylindrical and entirely and equally accessible to mercury, the applied
pressure can be converted into the pore diameter by using theWashburn
equation [4],

D =
−4γ cosθ

P
ð1Þ

where,D is the equivalent pore diameter, P is the applied pressure, γ is
the surface tension of mercury and θ is the contact angle between
mercury and solids.
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Fig. 2. Schematic illustration of two imaginary pore systems with a large pore and a
small pore.
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Fig. 1 gives an example of the experimental results of a standard
MIP measurement on a Portland cement paste with a water-to-
cement (w/c) ratio of 0.4 at 28 days. The solid line is the cumulative
mercury intrusion curve, also called cumulative porosity curve. In this
curve, the volumes of mercury intrusion are plotted against the pore
diameters. The total porosity can be calculated by dividing the total
intruded volume by the bulk volume of the sample. By differentiating
the cumulative pore volume by the logarithmic pore diameter, the
pore size distribution curve (dash line in Fig. 1) can be obtained.
Several peaks, usually two principal peaks, are often observed in the
pore size distribution curve, which correspond to the steepest slopes
in the cumulative pore volume curve. The pore diameters
corresponding to these peaks are called critical pore size [5], which
is an important parameter used to describe transport properties.

Aforementioned, MIP is based on the Washburn equation and the
assumption that pores are cylindrical and entirely and equally
accessible to mercury. Therefore, the MIP measurement can only
provide a valid estimation of pore structure, when the sample has the
property that each pore is directly accessible to mercury or can be
reached by mercury through larger pores [6,7]. However, microscopy
study revealed that the pore size of cement-based materials is
randomly distributed and most pores are connected to the surface of
the sample through a chain of pores with varying sizes and shapes [6].
With such a pore structure, mercury can not intrude into larger pores
until the applied pressure is sufficient to force mercury to go through
smaller throats. As a result, the volume of these larger pores is
counted as the volume of smaller throats. This is referred to as the
“accessibility effect” [6]. The larger pores that are accessible to
mercury through smaller throats are called ink-bottle pores. And, the
smaller throats are called throat pores. The ink-bottle pores and the
throat pores constitute the total porosity. The minimum size of pores
detected by MIP is about 7 nm. Mindess and Young suggested that
pores smaller than 10 nm do not contribute to water and ionic
transport [1]. Therefore, the pores smaller than 7 nm are not
considered in this paper.

The “accessibility effect” can be illustrated with two imaginary
pore systems as shown in Fig. 2. Each of them consists of a large pore
(with a diameter of d1 and a volume of v1) and a small pore (with a
diameter of d2 and a volume of v2). In Fig. 2 (left), the large pore is
directly connected to mercury. During an MIP measurement, the large
pore is filled with mercury when the applied pressure is increased to
p1. The small pore is filled with mercury when the applied pressure is
increased to p2. For this pore system, the MIP result can reveal the real
pore size distribution. In contrast, in Fig. 2 (right), the large pore is
connected to mercury through the small pore. An applied pressure of
Fig. 1. Experimental results of a standard MIP measurement of a 28-day-old 0.4-w/c-
ratio Portland cement paste.
p1 is not big enough to force mercury to intrude into the large pore.
Only when the applied pressure is increased to p2, mercury intrudes
into both the large and small pores. Consequently, this MIP
measurement result shows that the volume of the large pore is zero,
and the volume of the small pore equals to v1+v2. As a result, the MIP
measurement provides an underestimation of the volume of the large
pore and an overestimation of the volume of the small pore.

This paper aims to develop a new MIP method, which can
overcome the “accessibility effect” and provide a more accurate
estimation of the pore size distribution in cement-based materials.
This method consists of a unique testing sequence and a new data
analysis method. The unique MIP testing sequence is conducted by
repeating pressurization–depressurization cycles. The applied pres-
sure is increased from the minimum to the maximum cycle by cycle.
Accordingly, this method is called pressurization–depressurization
cycling MIP (PDC-MIP). In the following sections, the previous works
on improving MIP are overviewed. Then, PDC-MIP is introduced.
Section 4 describes the experiments used to validate PDC-MIP. In
Section 5, the experimental results measured with the PDC-MIP
testing sequence are reported and compared with those of the
standard MIP testing sequence. Moreover, the experimental results
are used to calculate pore size distribution using the PDC-MIP data
analysis method. PDC-MIP is further validated in Section 6 with other
experimental techniques and numerical tool, including nitrogen
sorption, backscanning electron (BSE) image analysis, Wood's metal
intrusion porosimetry (WMIP) and numerical simulation by the
cement hydration model HYMOSTRUC3D. Although the PDC-MIP is
demonstrated with an application in cement-based materials, its
application is not limited to cement-based materials and may be used
in other porous materials.

2. Previous studies on improving MIP method

Many researchers have spent effort on improving MIP to eliminate
the impact of the “accessibility effect”. Liu and Winslow [8] intruded
mercury progressively to the maximum pressure, then reduced the
pressure progressively to the minimum pressure, and re-intruded to
the maximum pressure. They found that the processes of mercury
extrusion and re-intrusion were fully reversible when appropriate
advancing and receding contact angles were used. They suggested
that the pore system of cement paste can be divided into two parts, i.e.
reversibly and irreversibly intruded pores. The reversibly intruded
pores were more accessible to mercury and more closely correlated
with the transport properties of cement-based materials. Yoshida and
Kishi [9] have recently developed a method to determine the volumes
of connective pores and disconnective pores. The measurement began
progressively with a pressurization to a certain pressure. The applied
pressure was then decreased until the minimum pressure is reached.
The applied pressure was increased again to a pressure higher than
that of the previous pressurization, and the applied pressure was
decreased again to the minimum pressure. This cycle was repeated 10
times until the maximum pressure of 412 MPa. By using this testing
sequence, they divided the pore structure into connective capillary
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pores and disconnective pores. Although the above two studies made
a big progress in the characterization of pore structure in cement-
based materials using MIP, these methods could not provide a valid
estimation of pore size distribution.

3. PDC-MIP

The PDC-MIP method consists of the PDC-MIP testing sequence
and the PDC-MIP data analysis method. PDC-MIP is introduced in this
section by describing these two aspects in details.

3.1. PDC-MIP testing sequence

As illustrated in Fig. 3, the PDC-MIP measurement is conducted
following a unique mercury intrusion procedure, in which the applied
pressure is increased from the minimum to the maximum by
repeating pressurization–depressurization cycles. In the nth pressur-
ization–depressurization cycle, pressure is first increased to Pn

in and
then decreased to Pn

ex. In the next cycle, pressure is increased to Pn+1
in .

The pressurization–depressurization cycle is repeated until the
maximum pressure. Within each pressurization–depressurization
cycle, the mercury intrusion and extrusion volumes are recorded as
Vn
in and Vn

ex, respectively. Here, the intrusion pressure Pn
in and

extrusion pressure Pn
ex corresponding to the same pore diameter of

Dn are calculated by using the Washburn equation with the different
advancing and receding contact angles. When mercury advances
across and recedes from the same surface, it has different contact
angles. This leads to a hysteresis between the mercury intrusion and
extrusion processes. The advancing and receding contact angles used
in this paper were calculated with the pressures at which mercury
intrudes into and extrudes out of an artificial straight cylindrical pore
with known diameter [10].

Following this testing sequence, when the applied pressure is
increased to Pn

in, mercury intrudes into both the throat pores with a
diameter of Dn and the ink-bottle pores behind these throat pores.
Then, the applied pressure is decreased to Pn

ex, and only themercury in
the throat pores with a diameter of Dn comes out. The rest newly
intruded mercury remains in the ink-bottle pores. Consequently, Vn

ex

equals to the volume of the throat pores with a diameter of Dn. And,
Vn
in−Vn

ex equals to the volume of the corresponding ink-bottle pores.
This can be expressed as follows:

V th
n = Vex

n ð2Þ

V ink
n = V in

n −Vex
n ð3Þ

where, Vn
th is the volume of the throat pores with a diameter ofDn, and

Vn
th is the volume of the corresponding ink-bottle pores.
Fig. 3. Illustration of the PDC-MIP testing sequence with pressurization–depressuriza-
tion cycles.
3.2. PDC-MIP data analysis method

By repeating the pressurization–depressurization cycles described
in Section 3.1, the volumes of throat pores and ink-bottle pores can be
measured at each throat pore diameter. Although the pore size
distribution of the ink-bottle pores is not able to be determined, it is
known that the ink-bottle pores have a diameter larger than the
corresponding throat pores. In order to calculate the pore size
distribution, an assumption is introduced: the size distribution of
the ink-bottle pores is equal to that of the pores with the diameter
larger than the corresponding throat pores, i.e. from D1 to Dn−1. The
pore size distribution can be recalculated as follows:

Step 1 Let V1,1 be equal to V1
th. The largest pores do not have the ink-

bottle pores.

V1;1 = V th
1 −Vex

1 ð4Þ

where, V1,1 is the volume of the pore with the diameter of D1

calculated at Step 1.
Step 2 Let V2,2 be equal to V2

th and distribute the ink-bottle pore
volume V2

ink into the pores larger than D2.

V2;2 = V th
2 = Vex

2 ð5aÞ

V1;2 = V1:1 + V ink
2 = V1;1 + V in

2 −Vex
2

� �
ð5bÞ

where, V1,2 and V2,2 are the volume of the pores with the
diameter of D1 and D2 calculated at Step 2.

Step 3 Similar as Step 2.

V3;3 = V th
3 = Vex

3 ð6aÞ

V1;3 = V1;2 1 +
V ink
3

V1;2 + V2;2

 !
= V1;2 1 +

V in
3 −Vex

3

V1;2 + V2;2

 !
ð6bÞ

V2;3 = V2;2 1 +
V ink
3

V1;2 + V2;2

 !
= V2;2 1 +

V in
3 −Vex

3

V1;2 + V2;2

 !
ð6cÞ

where, V1,3, V2,3 and V3,3 are the volumes of the pores with the
diameter of D1, D2 and D3 calculated at Step 3.

Step j Similar as Step 3.

Vj;j = V th
j = Vex

j ð7aÞ

Vi;j = Vi;j−1 1 +
V ink
j

V1;j−1 + V2;j−1 + ⋯ + Vj−1;j−1

 !

= Vi;j−1 1 +
V in
j −Vex

j

V1;j−1 + V2;j−1 + ⋯ + Vj−1;j−1

 !
i b jð Þ

ð7bÞ

where, Vi,j is the volume of the pores with the diameter of Di

calculated at Step j.

The recalculated pore volume is equal to the pore volume
calculated at the last step:

Vm = Vm;m = V th
m = Vex

m ð8aÞ



Table 1
Advancing and receding contact angles of a 0.4-w/c-ratio Portland cement paste at the
ages of 1, 3, 7 and 28 days [10].

Contact
angle

Age (day)

1 3 7 28

Advancing 125.4° 131.1° 133.6° 138.0°
Receding 118.8° 122.6° 124.5° 128.0°
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Vi = Vi;m = Vi;m−1 1 +
V ink
m

V1;m−1 + V2;m−1 + ⋯ + Vm−1;m−1

 !

= Vi;m−1 1 +
V in
m−Vex

m

V1;m−1 + V2;m−1 + ⋯ + Vm−1;m−1

 !
ð8bÞ

where, m is the total number of pressure cycles.
As an example, PDC-MIP is used to check the imaginary pore

system as shown in Fig. 2 (right). When the applied pressure is
increased to P2

in, mercury intrudes into the large pore and the small
pore, and the intrusion volume V2

in is recorded as v1+v2. Then, when
pressure is decreased to P1

ex, only mercury in the small pore comes
out, and the extrusion volume V2

ex is recorded as v2. With Eqs. (4)–
(8a,8b), the pore volumes can be calculated: V1=V2

in−V1
ex=v1 and

V2=V2
ex=v2. Obviously, the results of PDC-MIP can provide an

accurate estimation of the real pore size distribution of this imaginary
pore system.

4. Experiments

4.1. Materials

Portland cement paste with the water-to-cement ratio of 0.4 was
studied. The binder was a Portland cement CEM I 42.5 N according to
European standard EN 197-1. CEM I 42.5 N and water were mixed
with a HOBART® mixer at low speed for 1 min and at high speed for
2 min. Then the fresh paste was poured into plastic bottles, sealed
with lids and placed in a climate box with a temperature of 20 °C.
After 1, 3, 7 or 28 days of curing, the sample was split into small pieces
of around 1 g. The samples for PDC-MIP, standard MIP and BSE
measurements were freeze-dried. The samples were quickly frozen by
immersing in liquid nitrogen for 5 min. Then, they were moved into a
freeze-dryer with temperature of −24 °C and vacuum of 0.1 Pa. The
sample was considered to be dry, until the water loss was below
0.01%/day. This period lasted for 10–20 days depending on w/c-ratio
and curing age of the samples. Ye [11] suggested that the freeze-
drying method causes less damage to the pore structure of Portland
cement paste compared with the other common drying methods, i.e.
oven drying and vacuum drying.

4.2. MIP measurement

PDC-MIP testing sequence began with a continuous pressurization
from 0.004 MPa to 0.15 MPa. Then, one hundred pressurization–
depressurization cycles were repeated, and pressure was increased
from 0.15 MPa to 200 MPa. The pressure ranging from 0.004 MPa to
200 MPa was in logarithmic distribution. In every pressurization–
depressurization cycle, the intrusion and extrusion pressure values
were calculated using the Washburn equation with the different
advancing and receding contact angles. In an experimental study [10],
it was found that the advancing contact angle and receding contact
angle between cement-based materials and mercury increase from
125.4° to 138.0° and from 118.8° to 128.0°, respectively, as the curing
age increases from 1 to 28 days. The values given in Table 1 were used
in the calculation of intrusion and extrusion pressures. The surface
tension was taken as 0.485 N/m [12]. The same pressures were also
used in themeasurement with the standardMIP testing sequence. The
measurement was carried out with a pressurization from 0.004 MPa
to 200 MPa and then a depressurization from 200 MPa to 0.15 MPa.

4.3. BSE image analysis

Pore size distribution obtained from stereology analysis based on
BSE image is used to compare with PDC-MIP results. The procedure for
sample preparation and image acquisition is described as follows. The
freeze-dried samples were vacuum impregnated with a low viscosity
epoxy. The samples were then ground on sand papers and polished
with diamond paste. For each sample, fifteen BSE images were
captured at different locations in the magnification of 500×. The
image segmentation was used to convert BSE images into binary
images and to segregate pore structure. Pore size distribution was
calculated on the binary images with a commercial program. The
procedure of BSE image analysis was discussed in detail in [11].

5. Results of PDC-testing sequence

In this section, the experimental results of PDC-MIP testing
sequence are reported and compared with those of the standard
MIP testing sequence.

5.1. Experimental results of the PDC-MIP testing sequence

5.1.1. Overall results
Fig. 4 shows the raw data of a PDC-MIP measurement. In order to

show the mercury intrusion and extrusion processes within one
pressurization–depressurization cycle in details, Fig. 4 (right) plots
the mercury intrusion and extrusion volumes at the applied pressure
of 2-4 MPa. In general, the higher the applied pressure is, the more
mercury intrudes into the samples. Within one pressurization–
depressurization cycle, the intrusion volume at the pressure Pn

in is
always larger than the extrusion volume at the pressure Pn

ex. And, the
cumulative intrusion volume at the pressure Pn

ex is always larger than
the cumulative intrusion volume Pn−1

in in the last pressurization–
depressurization cycle. The reason is that as the applied pressure
increases to Pn

in, mercury intrudes into throat pores and ink-bottle
pores behind these throat pores. Then the applied pressure decreases
to Pn

ex. Only the mercury in the throat pores comes out, and the rest
newly intruded mercury remains in the ink-bottle pores. When the
applied pressure increases again to Pn+1

in , the mercury first fills in the
emptied throat pores with the diameter of Dn and then fills to the pore
throats with the smaller diameter of Dn+1 and the ink-bottle pores
behind these throat pores.

5.1.2. Volumes of throat pores and ink-bottle pores
By repeating the pressurization–depressurization cycles, the

volumes of throat pores and ink-bottle pores can be determined as
shown in Figs. 5 and 6. As the curing age increases, the throat pore
volume decreases. Generally, the ink-bottle pore volume also follows
this trend except that at day 1. The volume fractions of throat pores
and ink-bottle pores are plotted in Fig. 7. It is found that as the curing
age increases in the first 28 days, the fraction of throat pores decreases
from 29% to 11%, and the fraction of ink-bottle pores increases from
71% to 89%. As shown in Figs. 5 (right) and 6 (right), the peaks in the
differential throat pore volume and ink-bottle pore volume curves
shift to smaller pore diameter from 1 to 28 days. This indicates that
not only the throat pore size becomes smaller, but also the ink-bottles
are accessed through throat pores with a decreasing pore diameter. As
the cement continuously hydrates and the hydration products grow in
the pore system, throat pores and ink-bottle pores are gradually filled
with the hydration products.



Fig. 5. Throat pore volume measured following the PDC-MIP testing sequence.

Fig. 4. Cumulative mercury intrusion vs. applied pressure curve of a 1-day-old 0.4-w/c-ratio Portland cement paste measured by PDC-MIP.
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5.2. Comparison of the PDC-MIP and standard MIP testing sequences

5.2.1. Intrusion curve
Fig. 8 shows a comparison of the mercury intrusion curves of the

PDC-MIP and standard MIP testing sequences. In this figure, for the
PDC-MIP testing sequence, only the mercury intrusion volumes in
every pressurization–depressurization cycles are plotted against the
Fig. 6. Ink-bottle pore volume measured fo
pore diameter. Regardless of the curing age, the results of these two
testing sequences show a small difference in total porosities, which is
lower than 1%. The total porosity decreases from41% to 22% from1 day
to 28 days. Both the cumulative pore volume curves and the
differential pore size distribution curves of the two testing sequences
are very close to each other. This means that the different testing
sequences do not have any influence on themercury intrusion process.
llowing the PDC-MIP testing sequence.



Fig. 7. Volume fractions of throat pores and ink-bottle pores.

1125J. Zhou et al. / Cement and Concrete Research 40 (2010) 1120–1128
5.2.2. Extrusion curve
The mercury extrusion curve measured following the PDC-MIP

testing sequence is compared with that measured following the
standard MIP testing sequence as shown in Fig. 9. The PDC-MIP
measurement gives much lower mercury extrusion volumes than the
standard MIP measurement. When pressure is decreased, the throat
pores first get empty and the ink-bottle pores behind the throat pores
remain filled because the decreased pressure is not great enough to
forcemercury to go through the throat pores. Until pressure continues
to decrease to a certain value at which mercury overcomes the
restriction of throat pores, mercury comes out of the ink-bottle pores
[13]. Some ink-bottle pores may not get empty at all even at the
minimum pressure, if the ink-bottle pores and the connected throat
pores have inappropriate sizes. In every pressurization–depressur-
ization cycle, the pressure decrease is tailored to only empty the
throat pores rather than the ink-bottle pores. In contrast, for the
standard MIP pressure is continuously decreased to the minimum
pressure, mercury in some ink-bottle pores can thus go through throat
pores and comes out of the sample. Therefore, in the depressurization
process of the standard MIP the measured extrusion volume is the
sum of the volumes of all throat pores and some of the ink-bottle
pores.

6. Pore size distribution calculated by the PDC-MIP data
analysis method

This section reports the pore size distribution calculated by the
PDC-MIP data analysis method. PDC-MIP is further validated by
Fig. 8. Mercury intrusion curves measured following t
nitrogen sorption, BSE image analysis, WMIP and numerical simula-
tion with HYMOSTRUC3D.

6.1. Pore size distribution calculated by the PDC-MIP data analysis
method

Fig. 10 shows the pore size distribution calculated using Eqs. (4)–
(8a,8b). Most pores distribute at the diameter ranging from 0.1 to
10 μm. As expected, pore size becomes smaller, as the curing age
increases. From 1 day to 28 days, the critical pore size measured by
PDC-MIP decreases from 3.2 μm–1.2 μm to 0.42 μm–0.14 μm. It is also
observed that the volume of large pores decreases, and the volume of
small pores increases. This observation agrees with the well
documented phenomena, that the formation and growth of hydration
products in the pore space result in the decrease of the volume of large
pore and the pore diameter.

6.2. Comparison of the pore size distribution measured by PDC-MIP with
other experimental techniques and numerical tool

6.2.1. Compared with nitrogen sorption and 2nd mercury intrusion
Nitrogen sorption is another popular technique used to investigate

the pore structure. However, pore radius ranges detected by nitrogen
sorption (0.3–300 nm) are narrower than that byMIP (2 nm–100 μm).
Consequently, the total porosity determined by nitrogen sorption is
lower than that determined by MIP [14]. Kaufmann et al. [15] recently
found that the pore size distribution obtained by nitrogen sorption
agreed well with that obtained by 2nd mercury intrusion, when
mercury intrusion–extrusion cycle was repeated twice (as shown in
Fig. 11). The “accessibility effect”was considered to be reduced in the
2ndmercury intrusion, since the ink-bottle poreswere alreadyfilled in
the first intrusion–extrusion cycle.

Since the pore size distribution of 0.4-w/c-ratio Portland cement
pastes measured by nitrogen sorption is not available, the results of
PDC-MIP and standard MIP are only compared with that of 2nd
mercury intrusion, which comes from [11]. As shown in Fig. 12, it is
obvious that the pore size distribution obtained by 2nd mercury
intrusion agrees better with that of PDC-MIP than standard MIP.
Considering the good agreement of the results of nitrogen sorption
and 2nd mercury intrusion, the pore size distribution obtained by
PDC-MIP might agree well with that obtained by nitrogen sorption.

6.2.2. Compared with BSE image analysis
Scanning electron microscopy (SEM), particularly using BSE

technique, has been applied extensively to study the pore structure
of cement-based materials [11,16,17]. This technique can provide
two-dimensional information of porosity by capturing the images
he PDC-MIP and standard MIP testing sequences.



Fig. 9. Mercury extrusion curves measured following the PDC-MIP and standard MIP testing sequences.

Fig. 10. Pore size distributions of 0.4-w/c-ratio Portland cement pastes at the ages of 1, 3, 7 and 28 days measured by PDC-MIP.
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directly from the pore structure. According to the stereology theory
[18,19], the three-dimensional information of pore structure can be
derived from the two-dimensional BSE images. Fig. 13 illustrates a
comparison of the pore size distributions measured by PDC-MIP,
standard MIP and BSE image analysis. The total porosities measured
by PDC-MIP and standard MIP are higher than that measured by BSE
image analysis. PDC-MIP and standard MIP give total porosities from
41% to 22% at the ages of 1–28 days, while BSE image analysis gives
total porosities from 33% to 16%. Due to the resolution limit of BSE
images, the pores with a diameter smaller than 0.25 µm are not
detectable. Therefore, the lower porosity measured by BSE image
Fig. 11. Pore size distributions of a 28-day-old 0.3-w/c-ratio Portland cement paste
obtained by 2nd mercury intrusion and calculated using BJH theory from nitrogen
sorption data [15].
analysis can be partially attributed to the incomplete measurement.
Regardless of the curing age, the result of PDC-MIP shows a critical
pore diameter larger than that of standard MIP and smaller than that
of BSE image analysis. For example, for the 3-day sample, the standard
MIP measurement allocates most pores below 1 µm with the critical
pore size of 0.32 µm, the PDC-MIP measurement allocates most pores
between 0.1 µm and 50 µm with the critical pore size of 1.2 µm, and
BSE image analysis allocates most pores bigger than 0.25 µm with the
critical pore size of 4.5 µm.
Fig. 12. Pore size distributions of a 28-day-old 0.4-w/c-ratio Portland cement paste
measured by PDC-MIP, standard MIP and 2nd mercury intrusion (after Ye [11]).



Fig. 13. Pore size distributions of 0.4-w/c-ratio Portland cement pastes at the ages of 3 and 28 days obtained by PDC-MIP, standard MIP and BSE image analysis.

Fig. 14. Pore size distributions measured by PDC-MIP, standard MIP and WMIP (after
Willis et al. [20]).
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6.2.3. Compared with WMIP
The combination ofWMIP and BSE image analysis, a relatively new

technique, has shown a potential to characterize the pore structure. It
has been confirmed that this technique can provide a reasonable
estimation of pore size distribution [20,21]. This technique was used
by Willis et al. [20] to study the pore size distribution of mortar
samples. Under a pressure of 34 MPa, molten Wood's metal was
forced to intrude into the samples. After cooling, the intrudedWood's
metal solidified. Images were captured on the sections of the Wood's-
metal-intruded samples by SEM. On these images, the Wood's-metal-
intruded pore structure appeared bright, and other phases appeared
relatively dark. The pore structure was segmented from other phases
according to their grey levels. The pore size distribution was
determined on these segmented images. In [20], Willis et al. reported
the fraction of pore volume to the volume of mortar samples. For
comparison, this value is converted to the fraction of pore volume to
the volume of cement paste based on the cement paste content in the
mortar samples. Fig. 14 illustrates a comparison of the results of PDC-
MIP, standard MIP and WMIP. The pore size distribution of PDC-MIP
shows a much better agreement with that of WMIP compared with
standard MIP. The pores measured by the former two methods are
mostly in the sizes of 0.1–10 µm, while the pores measured by
standard MIP are mostly smaller that 0.1 µm. This agrees with the
conclusion ofWillis et al. [20], which states that “the size distributions
obtained fromMIP are shifted more towards smaller pores than those
obtained from WMIP and image analysis”.

6.2.4. Compared with numerical simulation by HYMOSTRUC3D
The cement hydration model HYMOSTRUC3D [11,22,23] was

developed to simulate the reaction process and microstructure
development of cement-based materials with different material
compositions (such as, w/c-ratio, chemical composition of cement,
blended materials and particle fineness) at different scales (micro and
macro). This model has been confirmed to be a good tool for
understanding the development of the microstructure, particularly the
pore structure of cement-basedmaterials [11]. The results of numerical
simulation by HYMOSTRUC3D are used to validate PDC-MIP. In the
simulated microstructure, the pore space is the free space between the
expanding cement grains. The pore size distribution is determined by
calculating the sub-volumes of the pore space that are accessible to
testing spheres of different diameters [11]. In this study, the pore size
distribution of a 28-day-old 0.4-w/c-ratio Portland cement paste is
calculated by the HYMOSTRUC3Dmodel. Fig. 15 shows a comparison of



Fig. 15. Pore size distributions of a 28-day-old 0.4-w/c-ratio Portland cement pastes
obtained by PDC-MIP, standard MIP and the numerical simulation by HYMOSTRUC3D.
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the pore size distributions obtained by PDC-MIP, standard MIP and the
numerical simulation by the HYMOSTRUC3D model. The pore sizes
calculated by the numerical simulation are a bit smaller than that
measured by PDC-MIP andmuch larger than thatmeasured by standard
MIP. The pore size distributions obtained from the numerical simulation
and PDC-MIP agree well with each other, comparedwith standard MIP.

7. Discussion

Compared with standard MIP, PDC-MIP has a better agreement on
pore size distribution with nitrogen sorption, BSE image analysis,
WMIP and numerical simulation. It is found that the pore sizes
measured by PDC-MIP are larger than those measured by standard
MIP. The smaller pore size measured by standard MIP can be
attributed to the “accessibility effect”, which results in overestimating
the volume of smaller pores and underestimating the volume of larger
pores. The above discussion confirms that PDC-MIP can eliminate the
impact of the “accessibility effect” and improve the MIP technique on
measuring pore size distribution.

8. Conclusions

The PDC-MIP method is developed aiming to eliminate the
“accessibility effect” on the estimation of the pore size distribution
in cement-based materials. PDC-MIP is used to investigate the pore
structure of Portland cement pastes. The experimental results of PDC-
MIP are compared with those of standard MIP, nitrogen sorption, BSE
image analysis, WMIP and the numerical simulation by the HYMOS-
TRUC3D model. Based on the results and discussion presented in this
paper, the following conclusions can be drawn:

1. PDC-MIP can be used to determine the volumes of throat pores and
ink-bottle pores at every pore sizes. In a 0.4-w/c-ratio Portland
cement paste as the curing age increases from 1 day to 28 days, the
volume fraction of throat pores decreases from 29% to 11%, and the
volume fraction of ink-bottle pores increases from 71% to 89%.
2. Compared with standard MIP, the pore size distribution measured
by PDC-MIP has a better agreement with that obtained from
nitrogen sorption, BSE image analysis, WMIP and the numerical
simulation by the HYMOSTRUC3D model.

3. PDC-MIP can eliminate the impact of the “accessibility effect” and
improve theMIP technique onmeasuring the pore size distribution
in porous materials, especially cement-based materials.
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