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a b s t r a c t

The mercury intrusion porosimetry (MIP) was used to investigate the pore structure characteristics of fly-
ash cement pastes with two water to binder ratios (w/b = 0.3, 0.5). The total porosity, pore fraction dis-
tribution, contact angle hysteresis and the pore entrapment are quantified from the intrusion/extrusion
data. The tortuosity of pore structure is further calculated from pore entrapment. The results show: (1)
the w/b ratio is determinant for the formation of pore structure patterns, high w/b ratio providing high
porosity, high connectivity but low pore surface roughness to pore structure; (2) the contact angle hys-
teresis can be related to pore surface roughness, the hysteresis factor ah attaining respectively 0.42, 0.75
for Paste I (w/b = 0.5) and Paste II (w/b = 0.3) samples at 180 d; (3) the tortuosity and the porosity obey
just roughly the power law and more pore characteristics are needed to describe the tortuosity of blended
cement pastes.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction Different volume–pressure (pore size) paths are usually
Portland cement blended with mineral admixtures such as fly-
ash is widely used in the production of cementitious materials for
both performance and ecological considerations. These cementi-
tious materials, after hydration and hardening, are typical heteroge-
neous porous media, and their mechanical and transport properties
are intimately related to the pore structure [1]. Compared to the
hydration process and mechanical properties, the pore structure is
less understood for cement-based materials blended with fly-ash.
The mercury intrusion porosimetry (MIP) is a commonly used
method for characterizing the pore size distribution of porous mate-
rials [2–4]. Its principle lies in the fact that the intrusion volume of
mercury depends on the applied external pressure to overcome
the surface tension of mercury in pores. Thus the mercury intrusion
(extrusion) process can be quantified by intrusion (extrusion) vol-
ume versus increasing (decreasing) pressure. If the pore geometry
is idealized as cylindrical, the pore diameter (size) d can be related
to the applied pressure P through Washburn equation [5],

d ¼ �4c cos h
P

ð1Þ

where c is the surface tension of mercury (0.485 N/m) and h is the
contact angle between mercury and pore wall. Through this relation
the pore size in terms of intrusion volume can also be determined.
ll rights reserved.

.

obtained for the intrusion and extrusion processes for cement-
based materials, named as the mercury hysteresis [6,7]. Two
mechanisms are responsible for this phenomenon. The first is the
contact angle hysteresis, i.e. the contact angle between mercury
and pore wall adopts different values, hin;ex, for intrusion and extru-
sion, see Fig. 1. Through a corrugated pore structure model (CPSM),
Salmas and Androutsopoulus [8] deduced hin ¼ 143� and
hex ¼ 100:5� � 128� for different porous materials with controlled
pore structure. Shi and Winslow [9] found a nearly constant
advancing contact angle, hin � 130�, for blended cement pastes.
For cement pastes and mortars, the receding angle was measured
as hex ¼ 104� through single intrusion–extrusion cycle [10] and
multiple cycles [11–13]. Second mechanism for mercury hysteresis
is the connectivity of pore structure. Due to the ‘‘ink-bottle’’ shape
pores the size from Eq. (1) is actually the size of ‘‘pore neck’’ that
connects larger pores. Thus, Diamond [14] concluded that MIP
could only provide threshold diameters of pores in the intrudable
porosity. However, other authors state that acceptable estimation
of pore structure can be obtained from MIP data through strict
experimental control and proper interpretation [11,13,15,16].
Fig. 2 illustrates the mechanisms using MIP data in this paper.

Thus, mercury hysteresis contains pertinent information on
physical properties of pore wall as well as the connectivity of pore
structure. However, deepened analysis of mercury hysteresis is
rare even with large volume of MIP data published in literature
so far. This paper attempts to analyze the two mechanisms
quantitatively from MIP data and relate the hysteresis to the pore
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Fig. 1. Schematic illustration of the mercury advancing and receding contact
angles.

Fig. 2. Illustration of mercury hysteresis in MIP intrusion/extrusion and its
mechanisms (Line-shaded area for contact angle hysteresis, grid-shaded area for
pore connectivity, ‘‘CA’’ for contact angle).

Table 1
Chemical composition and physical properties of cement and fly-ash.

Chemical composition/physical properties Cement Fly-ash

Silica (SiO2, %) 22.93 57.60
Alumina (Al2O3, %) 4.29 21.90
Iron oxide (Fe2O3, %) 2.89 2.70
Calcium oxide (CaO, %) 66.23 7.80
Magnesium oxide (MgO, %) 1.92 1.68
Sulfur trioxide (SO3, %) 0.35 0.41
Sodium oxide (Na2O(eq), %) 0.70 1.05
Free calcium oxide (CaO(f), %) 0.64 –
Chloride (Cl, %) 0.006 –
Loss on ignition (LOI, %) 1.70 7.05
Density (g/ml) 3.12 2.06
Specific area (m2/kg) 343 355
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properties and structure evolution for blended cement pastes. To
this aim, cement pastes incorporating different fly-ash contents
are prepared. The pore structure and its evolution are investigated
by MIP method. From the intrusion data, the total porosity is eval-
uated for all samples and the pore size fraction is estimated with
the advancing contact angle retained as 130�. From the extrusion
data, the contact angle hysteresis is quantified through a hysteresis
factor, and the pore entrapment due to ‘‘ink-bottle’’ effect (connec-
tivity) is obtained through the contact angle correction. Further-
more, the paper investigates the impact of w/b ratio, fly-ash
content and curing age on the contact angle hysteresis and pore
entrapment. Finally, the tortuosity of pore structure is evaluated
on the basis of the pore entrapment measurement.

2. Materials and experiment

A Type I Portland cement and a low calcium fly-ash are used in
the study, and the chemical composition and physical properties of
cement and fly-ash are presented in Table 1. The mineral contents
of cement were evaluated from Bogue’s procedure [17] as: C2S
(21.38%), C3S (58.88%), C3A (6.49%), C4AF (8.77%), Gypsum (0.75%)
and others (3.73%). Blended cement paste samples were prepared
with two water to binder (w/b) ratios (0.3, 0.5), and four fly-ash
contents, see Table 2 for detailed proportioning. The fly-ash con-
tent is defined as the mass ratio between fly-ash and total binder
(fly-ash and cement). After mixing, cement pastes were cast into
cylinder tubes of 10 mm diameter and placed in room condition
with temperature controlled at 20 �C. The specimens were demoul-
ded from the tubes at the age of 3 d and kept in water. To avoid the
possible leaching, the ratio of specimen to water was kept at
roughly 1:1 in volume or 2:1 in weight. At given curing ages (7 d,
28 d, 90 d and 180 d), the samples were ground to particles with
size of 1–2 mm. This sample size was reported capable to avoid
additional pore volume entrapment by the size effect during MIP
operation [10]. The freezing-drying method is used instead of
traditional oven-drying to minimize the possible induced drying
damage to samples. The samples, together with the container, were
firstly immersed into liquid nitrogen (N2, �196 �C) for 5 min, then
transferred to the freeze-dryer and vacuumed for 48 h. The outgass
pressure was controlled to be less than 15 Pa. The freezing-dried
samples of blended cement pastes were then tested for pore distri-
bution by MIP (Autopore IV 9510, Tsinghua University) with the
applied maximum and minimum pressures controlled to
414 MPa and 1.4 kPa. The equilibrium time for each applied pres-
sure level was controlled to 10 s. And the maximum and minimum
applied pressures correspond to cylindrical pore sizes of 3 nm and
800 lm respectively.

3. Intrusion phase: pore volume and pore size fraction

3.1. Intruded pore volume

The intruded mercury volumes were recorded and converted to
porosity, presented in Fig. 3 for different curing ages. Generally,
with curing age the hydration of cement advances, solid hydration
products form and the microstructure becomes denser. As fly-ash
is blended into cement, its hydration is much slower and can fill
the already-formed pores by its own hydrates. Thus, the pore vol-
ume is determined by w/b ratio, curing age as well as the fly-ash
content [18,19]. However, from Fig. 3 it is obvious that the w/b is
predominant factor for pore volume and Paste I samples have lar-
ger pore volume than Paste II samples for all cases. That is because
the w/b ratio determines both the hydration degree of cement (and
fly-ash) and the physical packing patterns of formed solid hydra-
tion products [18]. As for curing age, the total porosity, in Fig. 3, de-
creases with the curing age due to the continuous hydration of
cement grains and the pozzolanic reaction of fly-ash particles.

In the figure, the porosity increases with the fly-ash content,
surely due to the ‘‘dilution’’ effect of the less reactive fly-ash
[20,21]. But, it is also noted that this porosity increase can be re-
duced to a negligible level as w/b is low, fly-ash content is less than
60% and curing age is long, see porosity of PII0 (0%FA), PII1 (20%FA)
and PII2 (40%FA) samples in Fig. 3. In fact, the above is exactly the
principle of industrial application of fly-ash as secondary cementi-
tious material (SCM) in cements [18].

3.2. Pore size fraction

The relation in Eq. (1) should be used to obtain the pore vol-
ume-size relation from the measured volume–pressure relation
in intrusion phase. The advancing contact angle hin is not measured
separately for Paste I and II samples. From the aforementioned



Table 2
Composition of blended cement pastes (for 1 l).

Paste w/b Sample Cement (g) Fly-ash (g) Water (g) Fly-ash content (%)

I 0.5 PI0 1218 0 609 0
PIF1 957 234 596 20
PIF2 677 451 559 40
PIF3 435 650 543 60

II 0.3 PII0 1612 0 484 0
PIIF1 1224 306 459 20
PIIF2 874 583 437 40
PIIF3 556 834 417 60

Fig. 3. Pore volume of Paste I (a) and Paste II (b) samples at different curing age.
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literature results the advancing contact angle seems to be rather
stable, hin being around 130�. Thus, as an application, the pore size
fraction is evaluated for all samples with assumption hin ¼ 130�

and the intruded pore volume fraction in terms of pore size
(diameter) is illustrated here.

In Fig. 4, the pore size fractions (PSF) of Paste I samples collapse
nearly into one curve with curing age. That means, irrespective of
the absolute intrusion volume, the composition of pore structure
from different pore ranges remains the same. A closer observation
on top half of Fig. 4 reveals that the PSF curve of neat sample PI0
(Paste I) at 180 d lies above the others for pore size range of
d > 100 nm, meaning that the neat paste sample contains more coar-
ser pores. This is actually an evidence of pore refinement effect of fly-
ash through both physical filling and pozzolanic reaction. On the
contrary, the PSF shows larger divergence for Paste II samples with
curing age. Under w/b = 0.3, the samples achieve a more compact
structure and the filling effect of FA particles is not as important as
for Paste I samples. Thus the pore refinement of fly-ash comes
mainly from its own hydration process. At 180 d, the higher the
fly-ash content the more the samples contain smaller pores. Again,
this observation is in relative sense and the porosity fraction for a gi-
ven pore size should be determined together with the porosity pre-
sented in Section 3.1.

Fig. 5 illustrates the PSF of all samples in terms of curing age. A
first observation is that pore size becomes finer (smaller) with
increasing curing age. However, significant difference is observed
for the PSF evolution patterns for Paste I and II samples. As showed
in Fig. 5, the PSF for Paste I samples seems to stabilize for curing age
of 180 d compared to the PSF at 90 d, regardless of the fly-ash con-
tent. That indicates, under a high water availability, both cement
grains and fly-ash particles undergo a relatively advanced degree
of hydration and the hydrates formation stabilizes at 180 d. How-
ever, very important difference is observed between PSFs at 90 d
and 180 d for Paste II samples, showed in the bottom half of Fig. 5.
That implies the secondary hydration, from fly-ash particles, contin-
ues contributing to the pore filling process by its own hydration
product. It seems that this process is not yet in its stabilized phase
at 180 d. At age of 180 d, the pore size distribution contains 60–
90% pores with d < 10 nm and 10–40% pores larger than this value.
The more the fly-ash content, the more this distribution approaches
binary: with 90% smaller than 10 nm and 10% larger than 10 nm for
fly-ash content of 60%. And this value of pore size is coined as the
threshold pore size for cement-based porous materials [2].

4. Extrusion phase: contact angle and pore entrapment

4.1. Contact angle

From surface physics the contact angle hysteresis belongs to the
intrinsic properties of the contact interface between pore wall and
liquids [22]. Here a factor, ah, is defined to quantify the contact an-
gle hysteresis:

ah ¼
cos hin � cos hex

cos hin
¼ 1� cos hex

cos hin
ð2Þ

The hysteresis factor ah scales in fact the importance of contact an-
gle hysteresis. Note that the contact angles between pore wall and
mercury are obtuse (hin;ex > 90�) and usually the extrusion angle hex

is inferior to the intrusion angle hin. Therefore the hysteresis factor
ah is a monotonous function of contact angle hysteresis: the bigger
is the difference between hin;ex the larger ah is. During the MIP test,
as the intrusion phase reaches its end the applied pressure attains
its maximum value Pmax. As the extrusion phase begins, the applied
pressure drops but the mercury volume does not change instanta-
neously, i.e. the mercury begins to flow out only at a certain pres-
sure drop DP. If this pressure drop is only attributed to the
contact angle hysteresis, the factor ah can be evaluated through
Eqs. (1) and (2) as,

�4c cos hin

Pmax
¼ � 4c cos hex

Pmax � DP
; ah ¼

DP
Pmax

ð3Þ



Fig. 4. Intrusion volume fractions for Paste I (up) and Paste II (down) samples with different fly-ash contents.

Fig. 5. Intrusion volume fractions for Paste I (up) and Paste II (down) samples at different curing ages.
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The hysteresis factor for a specific intrusion–extrusion cycle can be
determined through the above equation with the maximum applied
pressure and the corresponding pressure drop. Although the maxi-
mum pressure corresponds to the smallest pores, the extrusion pro-
cess can involve also bigger pores as the ‘‘ink-bottle’’ geometry is
considered for pore structure. Here, the hysteresis factor by contact
angle shift is considered as an overall property for the whole pore
range.

The hysteresis factors for all samples in terms of fly-ash content
are presented in Fig. 6. It is observed that the impact of fly-ash
content on the contact angle hysteresis is different for Paste I
and Paste II samples. For Paste I samples the hysteresis factor ah
increases with the fly-ash content while the factor is rather con-
stant for Paste II samples, ah � 0:8, regardless of the fly-ash con-
tent. This is related to the pore structure formation process of
pastes under different w/b ratios. For Paste I samples (w/b = 0.5)
the water supply is sufficient for the hydration of both cement
grains and fly-ash particles. Physically, the fly-ash particles ‘‘di-
lute’’ the cement grains and act as nucleation sites for precipitation
of cement hydration products [21]. Thus, fly-ash contributes to the
hydration extent of cement, and the hydrates precipitating in pores
can augment the roughness of pore surface (wall). This augmenta-
tion of pore roughness can explain the increase of contact angle
hysteresis with fly-ash content [23,24]. However, for Paste II



Fig. 6. Hysteresis factor of contact angle ah for Paste I (a) and Paste II (b) samples
with different fly-ash contents (h: mean value, �: middle 50% limit, I: value range).

Fig. 7. Hysteresis factor of contact angle ah for Paste I (a) and Paste II (b) samples at
different curing ages (h: mean value, �: middle 50% limit, I: value range).
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samples (w/b = 0.3) the water is not sufficient for cement hydra-
tion, a rather compact pore structure is formed since the beginning
of hydration and the hydration extent is much limited by water
availability regardless of the fly-ash content. Accordingly, less dif-
ference is found for pore surface roughness for Paste II samples
[25], explaining the nearly constant hysteresis factor for all Paste
II samples.

The hysteresis factors for all samples in terms of curing age are
presented in Fig. 7. It appears that the hysteresis factor ah de-
creases with curing age for Paste I and Paste II samples. That means
the contact angle hysteresis becomes less important with curing
age. The roughness analysis of pore surface for the same samples,
provided by Zeng et al. [25], showed that with the curing age the
hydration process of fly-ash particles, pozzolanic reaction, con-
sumes the pore hydrates from cement grains and tends to ‘‘flatten’’
the pore surface. This mechanism can also explain the decrease of
contact angle hysteresis with curing age. Similar results were also
obtained by Zhou et al. [26] on cement pastes of w/b = 0.4.
4.2. Pore entrapment

The pore entrapment can be evaluated directly from the differ-
ence between intrusion curve and extrusion curve for the same ap-
plied pressure,

VP
enðPin ¼ Pex ¼ PiÞ ¼ V in � Vexð ÞjPin¼Pex¼Pi

ð4Þ

However this entrapment cannot be related directly to a specific
pore size d since different contact angles hex,in in Washburn’s equa-
tion link same Pi to two different pore sizes dex,in. For a same pore
size d, the intrusion pressure and extrusion pressure can be ex-
pressed as,

Pin ¼ �
4c cos hin

d
; Pex ¼ �

4c cos hex

d
¼ � 4c cos hin

ð1� ahÞd
ð5Þ

where ah is the hysteresis factor of contact angle. Thus, the intrusion
curve and extrusion curve can all be expressed in terms of one un-
ique variable, d= cos hin, and the pore entrapment volume can be ex-
pressed as,

Ven
di

cos hin

� �
¼ Vin

d
cos hin

� �
� Vex

d
cos hin

� �
jd¼di

ð6Þ

To facilitate the discussion, the pore entrapped volume is noted in
terms of its fraction instead of absolute value. The pore entrap-
ment fraction, aen, for a specific pore size d is defined as the ratio
between the pore entrapment volume and the total intrusion
volume,

aen
d

cos hin

� �
¼ Ven

d
cos hin

� �
=Vtotal

in ð7Þ

Not losing the generality, we assume a specific value for intrusion
contact angle, hex ¼ 130�, so that the pore entrapment fraction aen

can be linked directly to the pore size d. The distribution of en-
trapped pore fraction aen is illustrated in Fig. 8 in terms of pore size.
Firstly at 180 d, Paste II samples have higher entrapment fraction
than Paste I samples, meaning the pore structure of the former is
more complicate. For Paste I samples, the distribution curves tend
to collapse into one curve with curing age. At 180 d the character-
istic pore sizes of entrapment, corresponding to the maximum of



Fig. 8. Entrapped volume fraction for Paste I (up) and II (down) samples at different age.
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pore entrapment, are rather different for different samples and fly-
ash content tends to increase this pore size. On the contrary, the
distribution curves tend to diverge among the Paste II samples
but the characteristic pore sizes of entrapment are nearly the same
for all Paste II samples.
Fig. 9. Total fraction of pore entrapment for Paste I (a) and Paste II (b) samples with
different fly-ash content (h: mean value, �: middle 50% limit, I: value range).
The total fraction of pore entrapment is plotted in terms of
fly-ash content in Fig. 9. One can see that the fly-ash content has
not notable impact on the total entrapment fractions, neither for
Paste I samples nor for Paste II samples. On the contrary, as illus-
trated in Fig. 10, substantial increase is observed for the pore
Fig. 10. Total fraction of pore entrapment for Paste I (a) and Paste II (b) samples
with different curing age (h: mean value, �: middle 50% limit, I: value range).
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entrapment fraction with curing age, from 36% to 42% (Paste I) and
from 40% to 52% (Paste II), as curing age changes from 7 d to 180 d.
This observation reflects, in fact, the pore refinement process by
fly-ash hydration, generating more and more isolated pores in pore
structure for Paste I and II samples.
Fig. 12. Tortuosity for Paste I and II samples in terms of porosity regressed by
Archie’s law (a = 0.3753, m = 1.2414).
5. Discussion

For all samples (Paste I and Paste II), an important extent of pore
entrapment has been observed, approaching 50% of total porosity.
Thus, the pore size distribution evaluated directly from Washburn
equation can only be regarded as the ‘‘neck’’ size that percolates
bigger pores. Under this image, the pore entrapment can provide
useful information to describe the complexity of pore structure.
One application is to deduce the tortuosity of pore structure from
the pore entrapment measurement.

The tortuosity of pore structure, s, is defined as the distance of
continuous path between two points in pore structure divided by
their straight line length [27]. This value reflects actually the de-
gree of difficulty of mass transport in the (connected) pore struc-
ture. Thus, it is a fundamental property for mass transfer through
both diffusion and permeation processes [28]. In the literature,
several models are proposed to express the tortuosity in terms of
the pore entrapment fraction aen or in terms of (partial) porosity
[8,29,30]. Salmas and Androutsopoulos [30] obtained a relation-
ship between tortuosity and pore entrapped volume fraction
through CPSM model,

s ¼ 4:6242 ln
4:996

1� aen
� 1

� �
� 5:8032 ð8Þ

The tortuosity values for all samples are illustrated in Fig. 11 and it
can be observed that the tortuosity of Paste II samples is systemat-
Fig. 11. Tortuosity values for Paste I (a) and Paste II (b) by CPSM model [30].
ically higher than Paste I samples. This observation is consistent
with the pore entrapment results in Fig. 8, indicating Paste II sam-
ples adopt more complex pore structure.

The tortuosity of porous media can also be evaluated from elec-
trical conductivity measurement. By definition the tortuosity s is
expressed in terms of the material conductivity rt, the pore solu-
tion conductivity rl and the porosity / as, s ¼ /rl=rt . Archie’ law
[31] expresses the conductivity ratio rt=rl in terms of porosity
through a power relation,

rt

rl
¼ a/m ð9Þ

with a;m as two Archie coefficients. By the above two relations the
tortuosity can be evaluated as,

s ¼ a�1/1�m ð10Þ

Fig. 12 presents the tortuosity values for all samples, in terms of
total porosity, through the above equation with the Archie’s coeffi-
cients regressed as a = 0.3753, m = 1.2414. It can be seen that the
tortuosity and the porosity obey roughly the Archie’s law but with
a relatively large dispersion, especially for Paste II samples. It is in
fact related to the rougher surface and poorer connectivity of pores
generated by low w/c in blended cement pastes. Accordingly, de-
tailed descriptions on surface roughness and connectivity geome-
try will be necessary to ameliorate precision of the power law in
Eq. (10).

6. Concluding remarks

1. From the MIP data in intrusion phase, it is clear that the w/b
ratio, compared to fly-ash content and curing age, is predomi-
nant factor for both total porosity and pore size distribution.
For Paste I samples (w/b = 0.5), high water availability induces
coarser pore structure, the filling effect of products from fly-
ash secondary hydration is notable and the pore size range dis-
tribution for all Paste I samples is rather identical. For Paste II
sample (w/b = 0.3), the low water content limits greatly both
hydrations of cement and fly-ash. A dense pore structure is
formed from very beginning of material setting, thus the filling
effect of fly-ash hydration is less important. And the pore range
distribution is much influenced by fly-ash content.

2. From MIP data in extrusion phase, the contact angle hysteresis
is characterized by a hysteresis factor ah, determined by the
pressure drop at the beginning of extrusion phase. This hyster-
esis involves both intrinsic properties of pore surface (wall) and
the pore geometry, e.g. ‘‘ink-bottle’’ pores. From our analysis,
the hysteresis factor is consistent with the possible contribution
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of secondary hydration of fly-ash to pore surface roughness. The
increase of hysteresis factor with fly-ash content may be related
to the contribution of fly-ash hydration products to pore surface
roughness. And the decrease of hysteresis factor for a same
sample with curing age may indicate the consumption of
cement hydrates by fly-ash hydration tends to ‘‘flatten’’ the
pore surface.

3. The pore entrapment, denoted by entrapment fraction aen,
reflects to what extent the pore structure derives from the
geometry assumption of serial cylindric pores. The low connec-
tivity of pores of Paste II samples gives higher entrapment frac-
tion, around 70% for PIIF3 sample. That implies, for pastes
blended with fly-ash, the serial cylindric tube model can greatly
distort the real pore structure. The characteristic pore size for
entrapment is well correlated to the threshold pore size from
intrusion data and both sizes can characterize the smallest per-
colating pores.

4. On the basis of pore entrapment fraction, the tortuosity of pore
structure is evaluated through a CPSM model and it is found
that low connectivity of pores also induces larger tortuosity
value, Paste II samples having systematical higher tortuosity
than Paste I samples. The correlation analysis between the tor-
tuosity and the porosity shows that the s–/ relation just
roughly obeys the power law and large dispersion is obtained
especially for low connectivity pore structure (Paste II). For
accurate prediction of tortuosity more pore structure character-
istics, such as surface roughness and connectivity details,
should be taken into account.
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