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Reliable characterization of the pore structure is essentially important for transport-related durability studies of
cementitious materials. Mercury intrusion porosimetry has been commonly used for pore structure measurement
while the ink-bottle effect significantly affects the trustworthiness of pore size features of cementitious materials.
Pressurization-depressurization cycling mercury intrusion porosimetry (PDC-MIP) is an alternative approach
previously reported with the purpose to provide better estimates of pore size results. It is found however that the
PDC-MIP greatly overestimates the ink-bottle pore volume owing to the incomplete extrusion of mercury in
throat pores after the pressurization-depressurization cycle. Intrusion-extrusion cyclic mercury porosimetry (IEC-
MIP), as a further improvement, is then described, which can reliably capture the ink-bottle effect and obtain a
clear picture of the distribution of the ink-bottle pores in cementitious materials. The ink-bottle effect of cement
pastes is observed being pore size-dependent and the role of critical pores is emphasized. Water-cement ratio
primarily changes the effective porosity while plays a minor role in the ink-bottle porosity. The addition of
reactive blends substantially enhances the ink-bottle effect during mercury penetration into small pores. IEC-MIP

tests, together with a unique data analysis, enable to obtain a more truthful pore size distribution.

1. Introduction

Nowadays it is rare for concrete structures to fail due to lack of
intrinsic strength. Intensive emphasis has been placed on their expected
lives due to gradual degradation caused by lack of durability [1-5].
Penetration of corrosive ions or gases from environment into the pore
structure is often recognized as a major reason leading to concrete
degradation. Unfortunately, some fundamental aspects of the pore
structure characteristics involved in mass transport properties of con-
crete are imperfectly understood so far and fully interpreting the bulk of
experimental data from field concrete samples is far from easy.

Cement powders, together with mineral admixtures in many situa-
tions, react with water and a sizeable number of pores spanning several
orders of magnitude are formed with various origins. Many technologies
and methods have been developed for cementitious pore structure
measurements, such as nitrogen sorption [6], mercury intrusion poros-
imetry [7], scanning electron microscope [8], wood's metal intrusion
porosimetry [9], X-ray computed tomography [10], 'H nuclear
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magnetic resonance relaxometry [11], optical microscopic observation
[12], etc. 3D reconstruction with a spatial resolution as high as 30 nm
has been reported [13]. Various techniques have different limitations
and they are applied often for dissimilar situations. Nitrogen sorption
loses its accuracy when applied for measurement of pores above 50 nm.
X-ray computed tomography suffers from resolution limit and the pores
below 10 pm are difficult to detect. Applications of the 'H nuclear
magnetic resonance relaxometry may become complicated in cementi-
tious materials by considering the naturally large amounts of para-
magnetic impurities (such as iron and manganese) and differently bound
water fractions.

In most cases the pore structures derived from mercury intrusion
porosimetry (MIP) are generally more widely used than those based on
other methods. One important reason can be ascribed to the fact that
MIP technique is capable of identifying a broad pore size range within
few hours' test duration and the results are produced with high repro-
ducibility. Ritter and Drake [14,15] were the first who developed
apparatus and methods, as referred to by Zwietering and Koks [16], for
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detecting mercury intrusion into chemical substances with pores as low
as 20 nm. Since then this technique has been intensively applied to
investigate the pore structure of porous systems [17-22]. The relatively
high surface tension of non-wetting mercury opposes its entry into pores
of the solid. Application of pressure will overcome this opposition and
mercury is forced to enter the pores. The pressure required is dependent
on the pore geometry and surface properties of the mercury and the
solid. The principle of mercury porosimetry relating pressure to pore
size was first established by Washburn [23]. With the assumption that
pores are cylindrical and entirely and equally accessible to mercury, the
correlation between applied pressure and pore diameter can be
described using the Washburn equation.

d = —4ycosb/P (€D)

where d is the equivalent pore diameter (um), P is the pressure required
to overcome the opposition to entry (MPa), vy is the surface tension of
mercury (0.48 N/m), 0 is the contact angle between mercury and pore
wall (degree). It should be noted that MIP only measures the open pores
that have some interconnections with the exterior porous body.

Standard MIP measurement is very useful to provide estimates of
pore structure parameters such as total porosity and threshold diameter.
Cementitious capillary pores are composed of long percolating chains,
along which there are constrictions, namely choke points. The diameter
of these choke points is noted as threshold diameter. On the other hand,
MIP has been proved to be inappropriate for measuring the realistic pore
size distributions in cementitious materials [19]. Pore size results from
MIP are often biased in favor of small pore sizes because it measures pore
size on the basis of diameter of accessible throat pores through which
mercury penetrates into the microstructure. MIP misinterprets the real
pore size distribution, but rather indicates the size distribution of
accessible pores.

The accessibility issue [19], also known as ink-bottle effect
[9,24,25], is a significant impediment for MIP to reliably gain the pore
size distribution of cementitious materials. From the perspective of
connectivity of pores in cementitious materials, dead-end and contin-
uous ink-bottle pores have been distinguished in literature [25]. In
standard MIP tests, the pressurization procedure forces mercury to
intrude a pore system through throat pores to reach interior ink-bottle
pores [26-30]. In the subsequent depressurization procedure, mercury
in the throat pores can be freely extruded out while mercury in the
interior ink-bottle pores is irreversibly entrapped [19]. Fig. 1 shows
schematic illustrations on the mercury entrapment in the ink-bottle
pores of an arbitrary porous network after standard MIP test. For the
sake of simplicity and clarity, only continuous type of ink-bottle pores is
shown in the sense that dead-end type of ink-bottle pores should share
the same mechanism of mercury entrapment as described in Fig. 1.
Comprehensive spatial data of the ink-bottle pores at various scales of
microstructure are particularly important to deeply understand the pore
connectivity in cementitious materials. Effective improvements on MIP
are therefore a prerequisite to acquire truthful pore size distribution.

The present work describes a novel method called intrusion-
extrusion cyclic mercury porosimetry (IEC-MIP), which comprises a

Vlink Vzink Vnink

Dl Dz : Dn :

Intrusion

Fig. 1. Mercury entrapment in large (ink-bottle) pores after standard MIP tests.
Dy, Dy and D, represent the diameter of throat pores; Vi, V% and vk
represent the volume of ink-bottle pores.
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number of intrusion-extrusion cycles. The intrusion procedures are
conducted by increasing the pressure step-by-step until the maximum
pressure is attained. Each intrusion procedure is followed with an
extrusion procedure by decreasing the pressure always back to the
starting pressure. The IEC-MIP measurement enables to reliably probe
the distribution of ink-bottle pores and, together with the
microstructure-based mercury penetration model, provides a trust-
worthy result of the pore size distribution in cementitious materials. A
major difference between IEC-MIP and previous methods can be
ascribed to the operation of extrusion procedures. Riverberi et al. [27]
and Zhou et al. [30], among others, carried out retraction-repenetration
measurements while each retraction branch was operated by decreasing
the pressure merely to a preset value. More details and advantages of the
IEC-MIP method, as well as previous progress in MIP measurements, will
be elaborated in the following sections.

2. Previous research on ink-bottle pores characterization

Significant efforts and many noteworthy contributions have been
made on improving mercury porosimetry technique in order to elimi-
nate or minimize the impact of accessibility problem. It is generally
assumed that the ink-bottle pores remain filled with mercury after the
first mercury intrusion-extrusion cycle while little remaining mercury is
expected when performing the second cycle [19,24]. Various techniques
including X-ray computed tomography and nitrogen sorption have been
utilized, in combination with MIP tests, to explore the ink-bottle effect as
well as mercury entrapment in cementitious materials [28,29]. How-
ever, a complete distribution of the ink-bottle pores in the entire pore
size range can hardly be provided because of measurement limitation of
these techniques. Kaufmann et al. [29] applied multi-cycle MIP mea-
surements, whereby the throat pore size distribution and total ink-bottle
volume were derived. A large hysteresis was observed between intrusion
and extrusion branch in the first cycle. While the following second cycle
shows no mercury entrapment, and its extrusion branch is nearly the
same as in the first cycle. In the earlier work of Riverberi et al. [27], the
ascending branch was measured as usual while the descending branch
was operated with a number of steps. For each step, the pressure was
decreased always from the maximum pressure to a preassigned value
and then increased again to the maximum. The throat pores and ink-
bottle volumes were analyzed based on the differences between
ascending and descending branches. Analysis of the pore sizes within the
ink-bottle volumes was still a pending issue. Mercury retraction starting
always from the maximum pressure may result in temperature change,
another point worthwhile to be carefully accounted for.

A typically important progress can be referred to the work of Zhou
et al. [30], who developed an alternative approach, i.e. pressurization-
depressurization cycling mercury intrusion porosimetry (PDC-MIP).
The PDC-MIP test comprises a number of pressurization-
depressurization cycles. In the nth cycle, the pressure is first increased
to P%“ and then decreased to Py*. The intruded and extruded mercury
volume are recorded as Vi and V&, respectively. Both pressures P and
P correspond to the same pore diameter D, by following the Washburn
equation with advancing contact angle 6, and receding contact angle 6,,
respectively, as indicated in Eq. (2).

4ycos0, - 4ycos6,

D, = .
Pin Py

(2

Mercury intrusion-extrusion measurements were carried out on
cement pastes with an artificial hole of the known diameter. The pres-
sures forcing mercury to intrude into and extrude from the artificial hole
were recorded. The contact angles upon intrusion and extrusion were
then calculated using Eq. (2). For cement pastes cured from 1 day to 28
days, the advancing contact angle ¢, increases from 125.4° to 138.0° and
the receding contact angle 6; increases from 118.8° to 128.0° [30]. It is
noteworthy that the contact angle can be affected by the temperature
and the pore size. Requirements of trustworthy values of both advancing
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and receding contact angles impose great challenges for widespread
applications of the PDC-MIP method.

The throat pores (diameter D,, volume V,ﬂh) and interior ink-bottle
pores (volume Vil"k) are determined as follows [30]:

Ve — v (32)

v v (3b)

In the PDC-MIP approach, the pore size distribution of the specimen
is analyzed based on an assumption: the size distribution of the ink-bottle
pores (volume Virky is equal to that of the pores with the diameter larger
than Dy, i.e. from D; to D, ;. Compared to standard MIP tests, the PDC-
MIP tests have been shown to provide better estimates of the pore size
distribution in ordinary Portland cement (OPC) pastes with ages of 1
28 days [30].

However, the capability of the PDC-MIP approach in obtaining ac-
curate pore size distribution is not completely assured. As addressed
below, the PDC-MIP measurements cannot precisely capture the ink-
bottle effect and tend to greatly overestimate the mercury entrapment.
This is caused by misinterpretation of the volume AV, of throat pores,
which stay filled with mercury after the pressurization-depressurization
cycle. In the PDC-MIP tests [30], one hundred pressurization-
depressurization cycles (corresponding to throat pore diameters Dy, n
= 1-100) were adopted. The cumulative pore volume as a function of
pressure from the PDC-MIP tests of OPC paste specimens with water-
cement (w/c) ratio of 0.4, as an example, is provided in Fig. 2.

An important issue that affects the accuracy of pore size results
concerns the deficiency of the pressurization-depressurization concept
when applied for capturing ink-bottle pores. For each pressurization-
depressurization cycle, a number of throat pores are misinterpreted, as
illustrated in Fig. 3. It is noted that the cementitious pore structure is
rather complicated and the pore network provided in Fig. 3 is a
simplified system accounting for continuous pore size distribution and
ink-bottle connections between small pores and large pores.

In the nth pressurization, the throat pores (volume Vﬂ‘) and interior
ink-bottle pores (volume Vi™¥) are intruded with mercury. The volume of
the throat pores, V;h, consists of two parts: volume AV, (for pores D, _1 >
D > D,) and volume AV,ﬁh (for pores D = D). The intruded volume Vil" is
then expressed by Eq. (4a):

V= ViV = AV, + AV VI (42)

In the nth depressurization, only the mercury in throat pores with the
specific diameter D, is extruded out while the remaining throat pores

o

(=]

o

o~
L

._.

1

&~
1

10% A

Cumulative pore fraction

o
o~
1

00/’0 T T T
0.001  0.01 0.1 1 10 100 1000

Pressure (MPa)

Fig. 2. An example of the PDC-MIP test sequence for analysis of throat and ink-
bottle pores in OPC paste specimen (w/c = 0.4, 28 days).
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(with diameters D, 1 > D > Dy, volume AV,) stay filled with mercury.
The extruded volume V5" is then expressed by Eq. (4b):

Ve = AV (4b)
Egs. (4a)-(4b) can be rewritten as Egs. (5a)-(5b):

Vi = V4 AV, (5a)

Vit — yin _yex _ AV, (5b)

Disagreements arise between Egs. (5a)-(5b) and Egs. (3a)—(3b). The
PDC-MIP measurement, namely Egs. (3a)-(3b), has two consequences:

m The volume of throat pores, Vflh, is underestimated and
mistakenly recorded as (Vﬁlh — AVp).

m The volume of ink-bottle pores, Vil“k, is overestimated and
mistakenly recorded as (VI™ + AV,,).

Similarly, in the (n + 1)th pressurization-depressurization cycle, the
volume AV, (representing the volume of throat pores D, > D > Dp 1)
will also be misinterpreted, as illustrated in Fig. 3.

According to the work of Zhou et al. (i.e. Fig. 7 in Ref. [30]), the
cumulative volume of ink-bottle pores, Z(Vfl“k + AVy), is as high as 90 %
of the total pore volume ZVL“ in the cement paste (w/c = 0.4, 28 days),
as expressed in Eq. (6a):

100 100
SOV AV,) =90% Y Vi (62)
n=1 n=1

However, as indicated in Fig. 4, mercury hysteresis between intru-
sion and extrusion from the standard MIP test reveals that the cumula-
tive volume of ink-bottle pores, ZVL“]‘, accounts for approximately 45 %
of the total pore volume ZV;I“. This, for the sake of comparison, can be
expressed as Eq. (6b):

100 100

Nk =45%) v (6b)
n=1 n=1

Substituting Eq. (4a) into Eq. (6a) results in the expression for

SAVR:

100 100

> oAvE=10%Y Ve %)
n=1

n=1
Substituting Eq. (6b) into Eq. (6a) gives:

100 100

D> OAV, =45%) v (8)
n=1 n=1

A comparison between Eq. (8) and Eq. (7) shows that Y AV, is much
higher (4.5 times) than EAVS‘. Misinterpretation of the volume AV, in
the PDC-MIP measurements can therefore have a great influence on the
obtained pore size distribution, i.e. it will generally result in an under-
estimation of small (throat) pores. In consequence of these observations,
it would seem that a truthful pore size determination calls for the needs
to proceed with a further improvement to precisely clarify the ink-bottle
effect during mercury penetration.

3. IEC-MIP approach

Herein an improved measurement, i.e. intrusion-extrusion cyclic
mercury porosimetry (IEC-MIP), is described in order to reliably capture
the ink-bottle effect. The principles and test sequence are illustrated in
the following.

IEC-MIP consists of a low pressure run from 0 to Py and step-by-step
high pressure runs. The low pressure run is carried out in the same
manner as that of standard MIP tests. After the low pressure run the
specimen should be tightly surrounded by the mercury. For the high
pressure runs of IEC-MIP tests, the first entire pressurization is divided
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Fig. 3. Schematic representations of pressurization-depressurization from the nth to (n + 1)th cycle in the PDC-MIP measurement.
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Fig. 4. The total ink-bottle pore volume of 28-day OPC paste (w/c = 0.4)
indicated by standard MIP.

into a number of steps (i = 1, 2...n). Each high pressure step i contains an
intrusion procedure (from Py to P;) and an extrusion procedure (from P;
to Pgy). The pressure P; forces the mercury to intrude pores with the
diameter d; by following the Washburn equation. Fig. 5 illustrates the
IEC-MIP test sequence.

At step 1, the pressure is first increased from the minimum Py up to
Py, by which the throat pores (diameter d; and volume Vﬁh) and their
neighboring ink-bottle pores (volume Vi™) are filled with mercury. The
pressure is then decreased from P; down to the minimum Py, by which

mercury in the throat pores d; is freely removed while mercury in the
ink-bottle pores is entrapped.

At step (i-1), the pressure is first increased from Py to P;_1, by which
the throat pores (diameters dj, ds...... d;_1, volumes thh, Vtgh ...... Vl‘}ll)
and the ink-bottle pores (volumes Vi, Vi ... Vi"Ky are filled with
mercury. The pressure is then decreased from P; ; to Py, by which
mercury in the throat pores (diameters d, ds...... d;_1) is removed while
mercury in the ink-bottle pores (volumes yink - yink ViRKY s
entrapped.

At step i, the pressure is first increased from Py to P;, by which the
throat pores (diameters dy, do......d;_1, d;, volumes Vi, V... v, vl
are filled with mercury. With the ink-bottle pores (volumes Vilnk,
Viznk ...... V%'_ﬂi) being mercury-filled, the ink-bottle pores (volume V%“k)
connected with the throat pores d; are further intruded with mercury. In
the subsequent extrusion procedure from P; to Py, all throat pores are
empty while the ink-bottle pores (volumes V™, V¥. ... vink yinky are
mercury-filled.

At step n, the pressure is increased from the Py to the maximum Pj,.
All throat pores and ink-bottle pores are filled with mercury. In the
subsequent extrusion procedure, all throat pores are empty while all ink-
bottle pores remain mercury-filled.

Following the IEC-MIP test sequence, the mercury intrudes a pore
system through throat pores to reach interior ink-bottle pores. The ink-
bottle pores remain filled with mercury after the mercury intrusion and
extrusion cycle. From step (i-1) to step i, the cumulative intruded volume
increases by (Vf® — V%) and the cumulative ink-bottle volume in-
creases by (V¢ — V¢1%) a5 indicated in Fig. 5b. When mercury pene-
trates the throat pores of a specific diameter d;, the volume VP of the
throat pores and the volume Vi" of their neighboring ink-bottle pores, as
well as the pore entrapment aep, ;, are expressed by Eqgs. (9a), (9b) and
(9¢), respectively.
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Fig. 5. Illustration of intrusion-extrusion cyclic mercury porosimetry (IEC-MIP) measurement.

V= (v V) - (v v ©)
V;nk — Vicink _ Vlclnlk (9b)
Teni = V™ (V" + V) ©9

An increase of the number of the total steps enables to obtain a more
detailed picture of the ink-bottle pore geometry in the porous system.
Compared to PDC-MIP measurements, the IEC-MIP measurements have
two advantages. First, the contact angles for both intrusion and extrusion
are no longer required for IEC-MIP measurements to capture the ink-
bottle effect. It is worth noting that accurate determinations of the
advancing and receding contact angles are not easy, especially consid-
ering that the contact angle can be dependent on the pore size when
mercury penetrates the very small pores. Second, the IEC-MIP mea-
surements enable to avoid the misinterpretation of the volume AV, of
throat pores as indicated in Fig. 3. The mercury in throat pores can be
completely removed for each extrusion step by decreasing the pressure
from P; back to Py, and this testing sequence allows reliably capturing
the throat pore volume V® and the ink-bottle pore volume V™K at each
intrusion-extrusion step i.

4. Experimental
4.1. Materials and specimens

The raw materials used for binder components were OPC (CEM I

42.5 N), ground granulated blast furnace slag (BFS), fly ash (FA) and
limestone powder (LP). The particle size distribution of the raw mate-
rials as determined by laser diffractometry is presented in Fig. 6. The
chemical compositions of the raw materials as measured by X-ray

100
90 +— : [
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80 /"
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—~ 70 ’
* ]
2 60
2 5o
="+
c
‘3 40
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& 30
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0 =1 T 1
0.1 100 1000
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Fig. 6. Particle size distributions of various powders by laser diffractometry.
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fluorescence are provided in Table 1.

OPC and blended paste specimens were prepared for IEC-MIP tests.
The blended mixtures were fabricated with often-adopted replacement
levels of 30 % FA, 70 % BFS and 5 % LP by mass of the binder. The water-
binder (w/b) ratio varied from 0.4 to 0.6. Table 2 gives the detailed
mixture proportions of the paste specimens. The raw materials and
deionized water were mixed at low speed for 1 min and at high speed for
another 2 min. Immediately after mixing the fresh pastes were poured
into small plastic bottles. The bottles were carefully vibrated to remove
big air bubbles while preventing any segregation and then sealed with
lids. Rotation of the paste-filled bottles was carried out for 24 h in order
to prevent bleeding. The bottles were then moved to a fog room main-
taining a constant temperature at 20 + 0.1 °C. At the age of 28, 105, 182
and 370 days, the paste specimens were taken out of the bottles and
crushed into small pieces (around 1 cm?). The pieces smaller than 3 mm
were not used to avoid additional intrusion of mercury caused by
interparticle void [31]. Freeze-drying method [25], owing to the
slightest damage on the specimen, was adopted to stop hydration and
remove the pore water from the paste pieces. The paste pieces were
soaked in liquid nitrogen at —195 °C and left to rest for 5 min. The paste
pieces were then moved to a freeze-drier maintaining at —24 °C and 0.1
Pa until a constant mass was reached. Freezing the specimens at very
low temperature enabled to produce ice microcrystals and avoided the
growth of big ice crystals that may create compressive stresses in the
small pores.

4.2. IEC-MIP measurements

The paste pieces after freeze-drying procedure were carried out with
IEC-MIP tests using Micromeritics PoreSizer 9320, which has a capacity
of 210 MPa. Note that there is a slight compressibility for mercury when
compressed at pressure around 20 MPa. At very high pressures, thermo
expansion may occur and alter the volume of mercury intruded into the
specimen. Given these systematic errors, a blank experiment was per-
formed with IEC-MIP measurement using empty penetrometer. The
blank test was used for volume correction due to mercury compression
and heating/cooling during measurement.

In this work the IEC-MIP tests started with a low pressure run from
0 to Py (0.15 MPa), followed by high pressure runs with 20 intrusion-
extrusion steps. The details of the high pressure runs including the
maximum applied pressure P; and minimum intruded pore diameter d; at
each step i are listed in Table 3. As indicated, the first entire pressuri-
zation is divided into 19 steps. The intrusion step 20 represents the
second pressurization of MIP. The P; values were given based on sta-
tistical analysis of a considerable number of mercury porosimetry data.
A variety of pore structure parameters were figured out. The critical pore
diameter d,; and threshold pore diameter di, were determined by dif-
ferential curves of cumulative intruded mercury vs. pore diameter
derived from intrusion step 20 as shown in Table 3. Analysis and
calculation of the pore size distribution will be presented more in detail

Table 1

Chemical composition of the raw materials (g/100 g).
Item OPC FA BFS LP
CaO 64.495 5.537 41.398 -
SiO, 18.875 50.554 34.015 0.737
Al,03 4.481 30.743 11.117 0.180
Fe,03 3.686 6.301 0.529 0.073
MgO 2.012 1.009 8.284 0.523
K20 0.508 1.109 0.398 0.026
Na,O 0.341 0.284 0.205 0.010
SO3 2.625 0.785 2.430 0.082
TiOy 0.319 2.362 1.027 0.020
CaCO3 1.185 - - 98.316
Others 3.824 1.316 0.597 0.033
LOI 3.04 2.66 0.38 43.26

Specific gravity (g/cm®) 3.12 2.26 2.87 3.08
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Table 2

Mixtures for the paste specimens.
Binders Raw materials and replacement (weight percentage) w/b

OPC FA BFS LP

P4 100 % - - - 0.4
P5 100 % - - - 0.5
P6 100 % - - - 0.6
PF5 70 % 30 % - - 0.5
PFL5 65 % 30 % - 5% 0.5
PB5 30 % - 70 % - 0.5
PBL5 25 % - 70 % 5% 0.5

Table 3

The applied pressure increases from P, (0.15 MPa, dp = 10 pm) to P; (d;) and then
decreases from P; to Py at each intrusion-extrusion step i (i = 1- 20) in the high
pressure runs of IEC-MIP tests (contact angle 6, = 138° for intrusion). The first
entire pressurization is divided into 19 steps. The intrusion step 20 represents
the second pressurization of MIP.

Steps i P; [MPa] (d; [nm]) Steps i P; [MPa] (d; [nm])
1 3.4 (422.7) 11 77.7 (18.6)
2 5.6 (259.2) 12 95.7 (15.1)
3 10.4 (138.6) 13 109.9 (13.1)
4 15.8 (91.1) 14 117.8 (12.2)
5 20.8 (69.4) 15 126.3 (11.4)
6 25.6 (56.4) 16 135.4 (10.6)
7 31.5 (45.8) 17 166.8 (8.6)
8 33.9 (42.6) 18 178.7 (8.1)
9 41.6 (34.6) 19 210.0 (6.9)
10 58.9 (24.5) 20 210.0 (6.9)

in the Discussion part. The ultimate mercury entrapment « in the entire
pore structure represents the overall hysteresis between intrusion and
extrusion steps, as calculated in Eq. (10), where ZV?‘I‘ and zv{h
represent the ink-bottle porosity and effective porosity, respectively.
The pore connectivity 5 can be described as the ratio of effective porosity
over total porosity, as seen in Eq. (11). The CPSM model from Salmas
and Androutsopoulos [32] as shown in Eq. (12) was used to evaluate the
pore tortuosity 7 of the porous cementitious systems.

Zv_ink
= 1
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4.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed to monitor ther-
mal decompositions of the cementitious hydrates with elevated tem-
perature. The freeze-dried paste pieces were milled into powders (<50
pm). The dry powders of around 30- 50 mg were placed in a corundum
crucible that was supported by a precision balance. The weight loss was
recorded from ambient temperature to the maximum 1000 °C with a
heating rate 10 °C/min in STA(TG-DTA-DSC) 449 F3 Jupiter. Argon was
used as the protective gas to control the sample environment. The de-
viation of the TG signal, namely DTG curve, was adopted to characterize
the phase changes as a function of temperature. Meanwhile the hydrate
assemblage can be distinguished between different mixtures.
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5. Results
5.1. Data analysis of IEC-MIP test sequence

Table 4 summarizes the results of cumulative intruded volumes V¢
at steps 5, 10 and 19 based on IEC-MIP tests of five replicates of OPC
paste (w/c = 0.4, 28 days). The differences between the maximum and
minimum intruded volumes are 0.0019, 0.0090 and 0.0169 ml/ml for
VER, V5 and V§¥, respectively. For any particular step i (i = 1- 20), the
difference of the intruded volumes Vfi“ is within 43 %. The difference of
the total porosities ¢ is within +5 %. The IEC-MIP shows a high
reproducibility in view of pore volume measurements.

Fig. 7a presents an example of the cumulative pore volume obtained
from IEC-MIP tests of OPC paste specimens (w/c = 0.5, one year) by
following Table 3. In order to show the result more clearly, Fig. 7b plots
the mercury intrusion-extrusion at the applied pressure of 33.9- 95.7
MPa, corresponding to steps 8- 12. As can be seen, the higher applied
pressure leads to higher cumulative intrusion volume. An intrusion-
extrusion step i (i = 1- 19) always shows a hysteresis, indicating that
the ink-bottle effect exists in the entire pore size range. The hysteresis,
however, depends on the applied pressure and can be divided into three
stages.

1) In the first stage (steps 1- 4), mercury intrudes the surface of the
specimen. Only a minor intrusion volume is detected. This part of
mercury intrusion is often not of interest. Some uncertainties caused
by factors including insufficient penetration and air bubbles lying on
the specimen surface may affect the intruded volume of mercury.

2) In the second stage (steps 5- 9), the intruded volume increases
abruptly when the threshold pores (diameter dy,) are filled with
mercury. Plenty of mercury is intruded within a narrow pore size
range of 34.6— 69.4 nm, but most of the intruded mercury is irre-
versibly entrapped. Obviously, strong ink-bottle effect presents and
the intruded pores are poorly connected.
In the third stage (steps 10— 20), after the critical pores (diameter d.)
are filled with mercury, a considerable amount of mercury continues
to intrude the small pores. The majority of the intruded mercury is
removable after the extrusion step. It is considered, therefore, that
weak ink-bottle effect presents and these small pores are highly
interconnected.

3

—

In the present study, the initial volume of mercury extruded at step i
was always filled at the next intrusion step (i + 1) and a closed loop was
then formed after the extrusion-intrusion procedure. Occasionally a
small discrepancy within 3 % occurred at the high pressures, implying
that damage to the specimens during the measurement was insignifi-
cant. The small discrepancy was found at around 30 MPa (pore diameter
50 nm) for both OPC pastes and FA-blended pastes, while it was at 70
MPa (pore diameter 20 nm) for BFS-blended pastes.

Fig. 8 shows the ink-bottle effect characterized by different mea-
surements performed on 28-day OPC paste specimens. Standard MIP is
considered inappropriate for analyzing the pore size distribution but it is
justified to quantify the total volume of ink-bottle pores, noted as ink-
bottle porosity ¢ink and equal to the volume difference between pres-
surization and depressurization. For both IEC-MIP and PDC-MIP

Table 4
Cumulative intruded volumes Vfi“ (ml/ml) at steps 5, 10 and 19 based on IEC-
MIP tests of five replicates of OPC paste (w/c = 0.4, 28 days).

Sample no. Weight (g) vgn Sin %t

1 4.3592 0.0404 0.1506 0.2191
2 4.5689 0.0423 0.1509 0.2096
3 4.2286 0.0415 0.1565 0.2265
4 4.7325 0.0419 0.1486 0.2237
5 5.0269 0.0421 0.1576 0.2126
Average 4.5832 0.0416 0.1528 0.2183
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measurements, the cumulative ink-bottle volume increases with smaller
diameter of the pores intruded, an expected observation. At the smallest
intrusion pore diameter the cumulative ink-bottle volume V™ obtained
from IEC-MIP is consistent with the ink-bottle porosity ¢i,x from stan-
dard MIP, while both are much smaller than the cumulative ink-bottle
volume VS™ from PDC-MIP. Reliability of the IEC-MIP measurement
for the ink-bottle pores determination can thus be confirmed.

5.2. Ink-bottle effect and pore entrapment

A high ink-bottle volume does not necessarily ensure a strong ink-
bottle effect in case the volume of throat pores is high. The term pore
entrapment aen, ; is adopted to quantitatively describe the ink-bottle
effect when mercury intrudes the throat pores of a particular diameter
d;. According to pressure Table 3, the IEC-MIP tests were composed of 20
intrusion-extrusion steps. With increased intrusion step the pore
entrapment den, ; can be plotted against pore diameter d; using Egs. (9a),
(9b) and (9c). As shown below, changes of the ae, with the pore diam-
eter d varying in the range 0.005- 0.5 pm are given for various
cementitious paste specimens.

Fig. 9 shows the distribution of pore entrapment (@en-d plots) for one-
year OPC paste specimens of different w/b ratio. All the curves are
present in similar pattern and strong aen-d relationships can be seen.
Lower w/b ratio tends to result in higher pore entrapment ae,. This is
true almost in the whole pore size range. The decrease of w/b ratio re-
sults in less void space between cement grains after mixing and the
hydration front of one cement grain is more likely to contact with
adjacent cement grain as hydration proceeds. A lager amount of small
(throat) pores, as well as higher a.p, can be expected. A common feature
is observed that all the ae,-d plots of OPC pastes can be divided into two
groups corresponding to the pore size d above and below the critical
pore diameter d.;, respectively. For d > d,;, the aey-values are generally
high (around 70 %), indicating strong ink-bottle effect. For d < d, the
aep-values are generally low (around 30 %), indicating small ink-bottle
effect. In other words, the small pores (d < d) are highly inter-
connected. The pore entrapment a., appears to be inherently related to
the critical pore size. In this regards a detailed discussion will be pre-
sented later on.

Fig. 10 shows the aeq-d relations in paste specimens with different
binders. For the pores above 0.05 pm the aeyp-values are normally high
and mostly lie in a narrow range 60— 78 %, regardless of the binders. For
the small pores the aep-values vary significantly for different binders.
Compared with the OPC binder (P5), the binders with 30 % FA or 70 %
BFS show much higher ae,-values for the pores below 0.035 pm. In
particular for the BFS-blended binder PB5 the a, value can reach as
high as 80 % at the nanoscale pore size of around 0.01 pm. It can be
deduced that adding 30 % FA or 70 % BFS substantially reduces the
connectivity of small pores.

The presence of 30 % FA enhances the pore entrapment in the whole
pore size range compared to neat OPC paste. Due to the less reactive
nature, the unreacted FA particles act like barriers that impair the
connections of large pores, resulting in higher e, for large pores. The
reacted FA particles consume calcium hydroxide (CH) and produce extra
calcium silicate hydrate (C-S-H), resulting in denser packing of hydrates
and higher a.,, for small pores. The addition of BFS has a small influence
on the ae, for the pores above 0.035 pm while tremendously increases
the aep for the pores below 0.035 pm. The significant change of ae, due
to BFS addition is intimately related to its reactive nature. Besides a fine
particle size distribution (Fig. 6), the BFS has strong pozzolanic and
latent hydraulic reactivities. The presence of BFS can greatly strengthen
the packing density of hydration products, resulting in higher a., for
small pores.

It is clear that the dependency of the ink-bottle effect on the throat
pore size varies from different binders. For OPC binders the critical pore
diameter plays a crucial role, above which the ink-bottle effect is sig-
nificant while below which the ink-bottle effect is less severe. For
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obtained from IEC-MIP tests of one-year paste specimens (w/b = 0.5).

blended binders, especially when reactive powders are included, the role
of critical pore diameter in the connectivity of small pores may become
complicated owing to the complexity of hydrates packing by the coex-
istence of cement hydration and pozzolanic reaction. It should also be
borne in mind that the distribution of pore entrapment as a function of
throat pore diameter enables a better understanding of the ionic trans-
port in porous systems. This is particularly true for unsaturated porous
systems, where the small pores are water-filled facilitating ionic trans-
port and the large pores are only adsorbed with thin film facilitating
water movement or gas transport [5]. The IEC-MIP measurements
enable to distinguish between throat pores and ink-bottle pores. The
connectivity between small pores and large pores can be well described
accordingly. Representative results can be deduced from Figs. 9 and 10.
A high pore entrapment (large ink-bottle effect) reflects that the small
pores are intimately connected with the large pores, while a low pore
entrapment (small ink-bottle effect) stands for interconnections of the
small pores. It is the highly interconnected (water-filled) small pores
that play a dominant role in the unsaturated ionic transport properties.

5.3. Pore connectivity and tortuosity

The dimensions of capillary pores of cementitious materials in gen-
eral vary from nanometers to micrometers. One capillary pore in-



Y. Zhang et al.

terconnects with another and overall constituting into a complex pore
network. Pore connectivity is regarded as the most common parameter
used for mass transport studies. The first attempts in pore connectivity
determinations can be referred to the early works reported by Jennings
and Johnson [33] and Bentz and Garboczi [34]. Both simulated trical-
cium silicate C3S hydration and described phase percolation under
different conditions. Navi and Pignat [35] introduced an integrated
particle kinetics model for C3S hydration accounting for interparticle
contacts and built up a single curve between pore connectivity # and
total porosity ¢, independent of w/b ratio. It has been common to relate
the pore connectivity # to total porosity ¢ mainly because of the ease
with which the total porosity ¢; can be tested. In this work, the exper-
imentally derived 7-¢; plots covering a variety of mixtures are provided
in Fig. 11. The ¢; value varies from 7.8 % to 37.3 % and the 5 value
changes in the range 25.5- 66.1 %, depending on the w/b ratio or the
binder. There is a tendency for the pore connectivity 5 to be increased
with higher total porosity ¢, A general 5-¢; relationship can be
described with Eq. (13).

’7:¢1'ex17(1 _¢l) (13)

Table 5 shows the results of the pore tortuosity 7 of various paste
specimens following the CPSM model, see Eq. (12). The 7 value is pre-
sent in the range 2.89-5.81. It is generally increased with a higher age,
irrespective of the binders, and decreased with a higher w/b ratio. For
OPC binder P5, the pore tortuosity 7 exhibits merely a small increase
from 3.41 at 28 days to 3.67 at 370 days. For FA-blended binder PF5, in
contrast, the 7 value increases remarkably from 3.42 to 4.72 by
extending the age from 28 up to 370 days, owing to the slow reaction of
FA particles. In the presence of reactive BFS, the binder PB5 has the
largest pore tortuosity = and its value is much higher than that of OPC
binder P5 even at 28 days. When a small amount of LP (5 %) is included,
the binder PBL5 shows significantly lower pore tortuosity z than the
binder PB5 at any age.

5.4. Porosity

The total intruded volume of mercury allows for evaluating the open
porosity accessible at the maximum applied pressure. The total open
porosity, often noted as total porosity, refers to the cumulative volume
at the smallest intrusion pore size. The effective porosity ¢, corresponds
to the total volume of extruded mercury. The ink-bottle porosity ¢ink
represents the total irreversible mercury entrapment between intrusion
and extrusion cycles. In this work, the total porosity ¢; of paste speci-
mens was determined as the total intruded volume of mercury at the last
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Fig. 11. Evolution of pore connectivity 5 as a function of total porosity ¢; in
cementitious pastes.
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Table 5
Pore tortuosity 7 of cementitious pastes analyzed based on CPSM model.

Binders w/b Pore tortuosity 7 with age (days)

28 105 182 370
P4 0.4 3.94 4.30 4.50 4.93
P5 0.5 3.41 3.52 3.57 3.67
P6 0.6 2.89 2.94 2.96 3.09
PF5 0.5 3.42 3.88 4.40 4.72
PFL5 0.5 3.23 3.66 3.81 3.84
PB5 0.5 4.91 5.42 5.45 5.81
PBL5 0.5 3.72 3.80 3.86 3.91

intrusion step 20 when the maximum pressure 210 MPa was applied, i.e.
= V%‘. The ink-bottle porosity ¢inx was equal to the total remaining
volume of mercury at the last extrusion step 20 when the applied
pressure was decreased from 210 MPa to Py (0.15 MPa), i.e. ¢inx = gié’k.
Determinations of V%‘ and V%'k can be referred to the illustrations
shown in Fig. 5b. For a specimen with hydration age t = 0, the ¢-value,

i.e. non-solid phase and no air volume considered, was estimated as:

w/b
womy me
b+ﬂb+/'c

¢ (t=0)= 14)

where w/b is the water-binder ratio, m. and my, are the mass percentage
of Portland cement and blended cement, respectively; p. and py, are the
specific gravity of Portland cement and blended cement, respectively.
For OPC pastes, my, = 0.

Fig. 12 shows the total porosity ¢ of OPC pastes with w/b ratios of
0.4, 0.5 and 0.6. In general the total porosity ¢ decreases sharply in the
first 28 days, followed by a gradual slow decrease. For instance the ¢;-
value of P4 drops drastically from 55.5 % (t = 0) to 21.9 % (t = 28 days),
compared to 15.4 % at 370 days. The decrease of the ¢-value is
attributable to the continuous hydration of cement, which takes place
rapidly at early age and proceeds slowly at later age. An increase of the
w/b ratio of 0.1 results in an increase of the ¢-value of around 5.4- 7.2
%, depending on the age (28— 370 days). This is intimately related to the
larger distance between hydrating cement grains for a higher w/b ratio.
A lower w/b ratio or a higher age leads to a significant decrease of the
effective porosity ¢. (see Fig. 13a). Both w/b ratio and age, however,
play only a minor role in the ink-bottle porosity ¢y (see Fig. 13b). It is
reasonable to assume that the large capillary pores contribute most to
the ink-bottle porosity while the effective porosity is constituted by
small (throat) pores. The hydration of cement consumes the free water in
capillary pores and the remaining capillary water preferentially oc-
cupies the small pores. After 28 days the cement hydration and associ-
ated precipitation of hydrates tend to occur mainly in the water-filled
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Fig. 12. Evolution of the total porosity of OPC pastes with age.
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Fig. 13. Effective porosity (a) and ink-bottle porosity (b) in OPC pastes at different ages.

small pores and the volume of small pores is decreased subsequently, i.e.
the effective porosity shows a decreasing trend with age. Mehta and
Manmohan [36] explained that, at early stage, the hydration products
were formed in large capillary pores, whereas later on in small capillary
pores.

The effects of blended materials including FA, BFS or LP on the total
porosity ¢ are shown in Fig. 14. Incorporating 30 % FA (PF5) results in a
higher total porosity ¢, than that of the reference cement paste (P5) at all
ages. This is in agreement with the results reported by Chindaprasirt
et al. [37]. Partial replacement of OPC by FA leads to a relatively higher
water-cement ratio and lower gel-space ratio, resulting in a higher
porosity [38]. The gel-space ratio refers to the quotient of the volume of
hydration products over the volume of both hydration products and
capillary pores. The porosity increment with FA addition also partly
results from the hollow nature of FA particles. These hollow voids can be
filled with mercury and contribute to the porosity measured. However, a
larger amount of small pores corresponding to the gel pore system is
present in the FA-blended paste PF5 than in the OPC paste P5, as re-
flected by the IEC-MIP tests of one-year specimens. The paste containing
70 % BFS (PB5) shows a lower total porosity ¢ than the OPC paste P5 at
all ages. This proves a strong chemical reactivity of the BFS owing to its
fine particle size and considerable amount of amorphous phases. The ¢¢-
value of PB5 drops sharply in the first 105 days, followed by a slow
decline trend thereafter. The total porosity ¢; of LP-filled pastes PFL5
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Fig. 14. Effect of blended materials on the total porosity of paste specimens.
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(PBL5) is obviously higher than the LP-free pastes PF5 (PB5). Such
porosity increase can be ascribed to the dilution effect of LP in the paste
systems. The porosity difference is noted as A¢y between PFL5 and PF5,
and as A¢p between PBL5 and PB5. It appears that the A¢p values are
markedly larger than the A¢gp values of the same age. In this respect a
detailed discussion will be presented in Subsection 6.1.

The results of total porosity given in Fig. 14 are the summary of
effective porosity ¢, and ink-bottle porosity ¢ink. For a further analysis,
the ¢ and ¢k values of various paste mixtures are presented in Fig. 15a
and b, respectively. The effective porosity ¢, is commonly decreased
with a higher age. This observation applies for all binders, as seen in
Fig. 15a. Precipitations of the hydration products in the water-filled
small pores are responsible for the volume decrease of small (throat)
pores after 28 days. The FA-blended binders (PF5 and PFL5) have the
largest effective porosity ¢, at all ages, indicating an abundant forma-
tion of small pores. A larger decrease of the ¢, value with age is found in
the binders blended with FA or BFS as compared to that in the OPC
binder P5. The LP-filled binders PBL5 show a substantially higher
effective porosity ¢ than the LP-free binders PB5 at all ages. It is true
also for FA-blended binders but that a relatively smaller difference of ¢.
exists between PFL5 and PF5. These observations are consistent with the
different roles of LP in the total porosity between BFS and FA blended
binders as given in Fig. 14.

The influences of various blended materials on the ink-bottle
porosity ¢ink are quite different from their effects on the effective
porosity ¢e. As indicated in Fig. 15b, at 28 days the OPC binder P5 shows
the smallest ink-bottle porosity ¢inx compared to the largest ¢ink in the
BFS-blended binders. With ongoing hydration the FA-blended binders
(PF5 and PFL5) exhibit merely a minor change of the ¢iyx values, a
similar observation for P5. For BFS-blended binders (PB5 and PBL5), in
contrast, the small pores are one important part of the ink-bottle
porosity ¢ink and these small pores can be gradually filled with hy-
drates, as reflected by a decreasing trend of the ¢ values. The ink-
bottle porosity ¢inx of blended binders incorporating FA or BEFS is
commonly higher than that of OPC binder at nearly all ages. The addi-
tion of LP plays a minor role in the ink-bottle porosity ¢i, after
comparing the data between PF5 and PFL5. This finding is also appli-
cable between BFS-blended binders PB5 and PBL5. At 370 days the FA-
blended binders possess the largest ink-bottle porosity ¢ink, followed by
BFS-blended binders and OPC binders in a descending order. It is noted
that the significantly higher ink-bottle porosity ¢inx of FA-blended
binders (PF5 and PFL5) should partially result from the presence of
hollow voids within initial boundary of the FA particles. These hollow
voids in fact do not represent the originally water-filled spaces between
cement grains, the accepted concept of the origin of capillary pores [39].
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Fig. 15. Effective porosity (a) and ink-bottle porosity (b) in blended paste specimens at various ages.

6. Discussion
6.1. Effect of LP on total porosity

The results shown in Fig. 14 indicate that the A¢p values are much
smaller than the A¢p values at all ages. A synergistic effect is expected
when LP is used together with FA. Such synergistic effect promotes the
hydration of LP and can be ascribed to the high alumina content of FA
grains (30.7 wt%). The presence of alumina-rich FA lowers the sulphate
to alumina ratio and, therefore, impairs the transformation of ettringite
(AFt) to monosulphate (Ms). The volume of AFt is much higher than that
of Ms, i.e. 707 em3/mol vs. 309 cm®/mol at 25 °C [40]. The main
component of LP is CaCO3 (CC). Combining FA with LP tends to form the
alumina-carbonate compounds, i.e. hemicarboaluminate (Hc) or mon-
ocarboaluminate (Mc) [41], as:

C3A+1/2CH+1/2 CC+ 11.5H,0—>C;A o 1/2CC o 1/2CH

¢ 11.5H,0 (Hc) M

C;A +CC+ 11H,0-C;A ¢ CC o 11H,0 (Mc) aan

Fig. 16 shows the differential thermogravimetric analysis (DTG)
curves of one year cementitious pastes with and without LP in the

0.00
- = = =PFL5 (FA 30% + LP 5%)
e e PBL5 (BFS 70% + LP 5%)
20.02 - —— PBS5 (BFS 70%)
----- PFS (FA 30%)
-0.03 -
T -0.04
<
= 0.05
o
B -0.06
-0.07 - il Ms
-0.08 x /7
’ \J Hc/Mc
-0.09 -
At
-0.10 . . .
50 100 150 200 250

Temperature [°C]

Fig. 16. Differential thermogravimetric analysis (DTG) for blended paste
specimens with and without LP (w/b = 0.5, 370 days).
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temperature range 50— 250 °C. The first peak starting from 70 °C is
related to decomposition of AFt. The mass loss due to dehydroxylation of
C-S-H phase, as reported by Lothenbach et al. [42] and Scrivener et al.
[43], takes place in a wide temperature range 100- 600 °C and acts as
polynomial baseline below other peaks. The peaks above 150 °C corre-
spond to the stepwise dehydration of AFm phases including Hc/Mc and
Ms. Considerably higher endothermic peak related to AFt can be
observed in the FA-blended systems, particularly when the LP is present,
than in the BFS-blended systems. The peaks corresponding to alumi-
na-carbonate hydrates Hc/Mc become pronounced with the addition of
LP. The phase changes as observed in Fig. 16 agree well with the findings
from De Weerdt et al. [44].

6.2. Role of critical pores in pore entrapment

The distribution of pore entrapment e, of OPC pastes, as seen from
Fig. 9, seems to be inherently dependent on the critical pore diameter
der. It is generally assumed that the mercury can penetrate the bulk
specimen once the pressure corresponding to the critical pore diameter
d. is applied. An abrupt decrease of the pore entrapment o, from large
pores (d > d.;) to small pores (d < d.;) provides an evidence of a strongly
pore size-dependent ink-bottle effect, as discussed below.

Based on the integrated particle kinetic concept from Van Breugel
[45] and the work from Jennings [46], all the anhydrous particles are
considered to be spherical in shape. The hydrates are preferred to pre-
cipitate in the vicinity of the dissolving cement grains. Both the disso-
lution and growth process of the cement particles are assumed to occur
concentrically until particles contact with each other. After contact with
water, the cement grains gradually dissolve and porous shells of hy-
drates are formed around these grain particles. With further hydration,
each grain particle grows outward and embeds the neighboring parti-
cles. A considerable amount of pore size is formed with the precipitation
of hydrates. Based on different refinement mechanisms, the pore family
can be categorized into three types: (1) nanoscale gel pores inside inner
hydrates, which pack up with high density; (2) small capillary pores
formed due to the insufficient packing of hydrates in the outer products
layers; (3) large capillary pores representing spaces left out of the outer
products layers.

A sketch of cement paste microstructure (Fig. 17) and a typical pore
size distribution obtained from standard MIP test (Fig. 18) are intro-
duced to elucidate the pore size-dependent ink-bottle effect. The large
capillary pores (group I in Fig. 18), mostly acting as ink-bottle pores,
cannot be measured directly from standard MIP test. When the applied
pressure exceeds a threshold level, corresponding to the threshold pore
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Outer product with
small capillary
pores inside
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Fig. 17. Sketch of microstructure formed based on interactions between hy-
drating cement grains.
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Fig. 18. Different pore groups based on the pore size distribution of cement
paste obtained from standard MIP (d,, - critical pore diameter; dy, - threshold
pore diameter).

diameter dy,, the mercury starts to intrude the small capillary pores
(group II in Fig. 18) and the interior large capillary pores, resulting in
large ink-bottle effect and high a., values. Once the critical pores
(diameter d,;) are intruded with mercury, a connected path is formed for
the small capillary pores present in the contact area. Consequently,
nearly all large capillary pores (group I) are assumed to be filled with
mercury. With a further pressure increase, the throat pores (d < d.;) are
gradually filled with mercury and the subsequent ink-bottle pores are
considered mostly as small capillary pores (d < dy,), resulting in low dep
values.

The PDC-MIP approach [30] is based on the assumption that all the
pores, regardless of pore sizes, are randomly connected. This reasoning
needs to be reconsidered. The pore connections in cementitious systems
may not be completely disordered, but follow basic principles that are
related to the critical pore diameter d.; and the threshold pore diameter
di. The pores of group III (d < d;) primarily connect with small capil-
lary pores (d < du), and the ink-bottle volumes V}{‘k for d < d¢; comprise
mostly small capillary pores (d < dy,). However, in the PDC-MIP data
analysis, the volumes Vi,“k for d < d,, are allocated to the pore sizes from
d; to d,,_1 and, as a result, the amount of large capillary pores (d > di,)
tends to be overestimated and the amount of small capillary pores (d <
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dm) underestimated. The overestimation of large capillary pores (d >
di,) can become increasingly pronounced for the specimens with a later
age or a lower w/b ratio, where stronger ink-bottle effect is present.

Improvements on the data analysis as described in the PDC-MIP
approach [30] are necessary. It is more reasonable that allocations of
the ink-bottle volume VI™¥ are performed with two stages according to
the intrusion pore size d, above or below the critical pore diameter d,,
respectively. For d, > d., the ink-bottle volume V}I“k is allocated to the
pores with diameter larger than d,, i.e. from d; to d,_;. For d,, < d,;, the
ink-bottle volume V}l“k is allocated to the pores with diameter from dyj to
dn-1.

6.3. Analysis of pore size distribution based on IEC-MIP

As discussed earlier, the PDC-MIP approach tends to overestimate
the amount of large pores than actual situation. The mercury in throat
pores is partially removed after the pressurization-depressurization
cycle, and the concept of pore size dependent connectivity is not fully
considered in the allocation of ink-bottle pore volume in the PDC-MIP
approach. In response to these issues, IEC-MIP measurements and two-
stage ink-bottle volume allocation method are implemented to gain a
more truthful pore size distribution. The two-stage is set according to the
applied pressure below or above the critical pressure, corresponding to
the critical diameter d,.

In the first stage, the applied pressure is no larger than the critical
pressure and mercury intrudes the pores with the size d > d,, and the
ink-bottle volume VI™ at intrusion step i as illustrated in Fig. 5c is
allocated to the pores from dj to d;_;. In the second stage, after the
critical pressure has been applied, mercury intrudes the pores with the
size d < d.;. The subsequent ink-bottle pores V%“k are all assumed as small
capillary pores, and the ink-bottle volumes V%“k are allocated only to the
small capillary pores from threshold diameter dy, to d;_;. The threshold
diameter dy, is determined as the onset for small capillary pores in the
sense that there is an abrupt volume increase after the threshold pores
are intruded with mercury according to the pore structure model given
in Fig. 17.

It is defined that the threshold pores and critical pores start to be
filled with mercury at step m and step k (m < k) respectively, i.e. d, =
dih, dk = dq;. The first stage is from step 1 to step k and the second stage is
from step (k + 1) to the last step n. The two-stage pore size analysis is
executed as follows.

Step 1: The V1, 1 is equal to v assuming that the largest pores do not

have the ink-bottle effect.
Vl,l = V:h (15)

Step 2: The ink-bottle volume V¥ is allocated to the pores larger
than d,, i.e. d;.

Vieo=Vii+ V;nk (16)

Vap = Vi a7

Step 3: The ink-bottle volume VX is allocated to the pores larger
than ds, i.e. d; and d.

; Via
Vig=Vig+ V¥ ————— 18
b 12+ Vs <V1<2 + V2,2> a8

; Vi
Vay = Vap + Vil —=— 19
23 2+ V3 (V] pyrs V272> (19)
Viz =V (20)

Step k: The critical pores start to be filled with mercury and the ink-
bottle volume Vi is allocated to the pores from d; to di_1.
Vik-1 ) .
. i<k
Viget + Vager + - Vicia ( )

Vik = Vigmr + V,i("k( 21
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Vig =V (22)

Step k + j: Since the critical pores have been filled with mercury, the

ink-bottle volume V}{ﬂfj is allocated to the pores with diameters from d,,
to dk+j—1«

i Vinkerj-1
Vinkrj = Vinkrj1 + V'"k( : ) >1
o S Vigerj=t + Vs rkrjor + 0 + Vigjo a1 v=1

(23)

i Vikgj-1 .

Viksj = Vikrjo +V'"k~< : m<i

i S I\ Vinksjot + Vinrtgejot + o+ + Vi1 (
<k+j)

24)
Vk+j.k+j = V]ihu‘ (25)

where V; r.; is the volume of pores with the diameter of d; calculated at
step k + j.

Step n: The ink-bottle volume V}{‘k is allocated to pores with di-
ameters from dp, to d,_1.

Vi.n—l
Vm,n—l + Vm+l.n—l + o+ Vn—l.n—l

Vin = Viao1 + v,‘,"k( ) (m<i<n) (26)

Vlh

n

Vn = 27)

The pore size distribution of 28-day OPC paste is recalculated using
the two-stage pore size analysis as given in Egs. (15)-(27), in combi-
nation with the data from IEC-MIP tests. Fig. 19 shows the result
covering the pore diameter from 0.069 to 10 um by following pressure
Table 3. The size distribution of IEC-MIP is given primarily for the pores
0.069- 0.423 pm. A more detailed result for the pores 0.423- 10 pm can
be plotted by implementing additional intrusion-extrusion steps be-
tween the pressure 0.15 and 3.4 MPa. In order for comparative analysis
the pore size distribution results obtained from the 2nd pressurization of
MIP, standard MIP, WMIP [9] and PDC-MIP [30], as well as from the
well-known HYMOSTRUC3D [25], are presented. As indicated, the IEC-
MIP shows clearly higher amount of small pores and lower amount of
large pores as compared to PDC-MIP. The 2nd pressurization of MIP is
known to measure the throat pores only and the volume of the throat
pores below 0.1 pm is calculated as 11.3 %. If the ink-bottle effect is
taken into account, the realistic volume of the small pores below 0.1 pm
should be larger than 11.3 %. This value is 12.5 % as calculated
following the measurement result from IEC-MIP, compared to a

0.3
E PDC-MIP [30]
=
E 2nd pressurization of MIP
@
g 02 1
=
o
>
o
o
a
$ 01 q Standard MIP
-
8
=]
g IEC-MIP
t HYMOSTRUC3D [25]
0.0 MELELAASL e s e S
0.001 0.01 0.1 1 10 100

Pore diameter d (um)

Fig. 19. Pore size distributions of the 28-day OPC paste based on
different methods.
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significantly lower value of 3.1 % as from PDC-MIP. The cumulative
volume of small pores below 0.1 pm from IEC-MIP is reasonably
acceptable by comparing with that from the 2nd pressurization of MIP.
In addition, the cumulative volume of large pores above 0.5 pm appears
to be consistent with that from WMIP. It is sensible to conclude that the
IEC-MIP approach, together with the two-stage pore size analysis, is
reliable for pore size identifications.

The 2nd pressurization of MIP seems applicable for determining the
small pores of OPC paste after comparing with IEC-MIP. This makes
sense by considering the low mercury entrapment of the small pores as
can be seen in Fig. 9. This might not be the case however for the blended
cement pastes that have high mercury entrapment for the small pores as
addressed in Fig. 10. IEC-MIP measurements combining with
microstructure-based mercury penetration model enable to provide
trustworthy estimate of the pore size distribution in blended cement
pastes.

7. Concluding remarks

This work presents a further contribution on the topic of reliable
characterizations of cementitious pore structure. It is found that the
PDC-MIP approach of a previous report results in the ink-bottle pore
volume to be overestimated, caused by the incomplete extrusion of
mercury from throat pores. An improved measurement, i.e. intrusion-
extrusion cyclic mercury porosimetry (IEC-MIP), is described and has
proven to be trustworthy for capturing the distribution of ink-bottle
pores in cementitious materials. Both the advancing and receding con-
tact angles are not required for the IEC-MIP measurements to charac-
terize the ink-bottle effect. According to the IEC-MIP tests of various
cementitious pastes, the main findings are summarized as follows.

1) The ink-bottle effect exists in the whole pore size range of cementi-
tious systems while it is pore size dependent and highly relies on the
critical pore diameter. Different influences of blended materials on
the ink-bottle effect are closely associated with their distinct roles in
the large capillary pores during microstructure development.

The water-cement ratio and the age affect the total porosity of OPC
pastes mainly by altering the effective porosity while the ink-bottle
porosity differs slightly. The pastes with 30 % FA exhibit a small
change with age for the ink-bottle porosity but a remarkable
decrease for the effective porosity. Both effective porosity and ink-
bottle porosity reduces clearly with age by including 70 % BFS.
The minor addition of 5 % LP significantly enlarges the effective
porosity but slightly alters the ink-bottle porosity.

The small pores of OPC pastes are highly interconnected. The reac-
tive blends, either FA or BFS, can substantially reduce the connec-
tivity of small pores. The large pores of cementitious materials are in
general poorly connected.

4) The pore structure of BFS-blended cementitious systems is signifi-
cantly coarsened with the addition of LP. Combining the alumina-
rich FA with LP shows a synergistic effect in filling the capillary
pores due to the formation of carboaluminate and bulky ettringite.
Two-stage pore size analysis method is proposed accounting for the
role of critical pores in the distribution of ink-bottle pores. IEC-MIP
measurements combining with microstructure-based mercury pene-
tration model enable to provide trustworthy estimates of the pore
size distribution of cementitious materials.

In future the construction materials should be selected on the basis of
the contribution they can make to reach sustainability requirements.
Different blends, no matter weak reactive or strong reactive nature,
have distinct contributions to the refinement of pore structure.
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