<]
TUDelft

Delft University of Technology

Pore size dependent connectivity and ionic transport in saturated cementitious materials

Zhang, Yong; Ye, Guang; Yang, Zhengxian

DOI
10.1016/j.conbuildmat.2019.117680

Publication date
2020

Document Version
Accepted author manuscript

Published in
Construction and Building Materials

Citation (APA)

Zhang, Y., Ye, G., & Yang, Z. (2020). Pore size dependent connectivity and ionic transport in saturated
cementitious materials. Construction and Building Materials, 238, Article 117680.
https://doi.org/10.1016/j.conbuildmat.2019.117680

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.conbuildmat.2019.117680
https://doi.org/10.1016/j.conbuildmat.2019.117680

O 0 3 N N B~ W N =

—_
- O

12
13

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

29

30

31
32

Pore size dependent connectivity and ionic transport in saturated cementitious materials

Yong Zhang '3, Guang Ye 3, Zhengxian Yang 1>

! Fujian Provincial University Research Center for Advanced Civil Engineering Materials,
Fuzhou University, Fuzhou 350116, China;

2 College of Civil Engineering, Fuzhou University, Fuzhou 350116, China;

3 Microlab, Section of Materials and Environment, Department of 3MD, Faculty of Civil
Engineering and Geosciences, Delft University of Technology, Stevinweg 1, 2628 CN Delft,
The Netherlands; y.zhang-1@tudelft.nl (Yong Zhang), g.ye@tudelft.nl (Guang Ye)

* Correspondence: zxyang@fzu.edu.cn (Zhengxian Yang)

Abstract: Microstructure-property relationship has drawn strong attention in modern material
science. The progress achieved in this field relies on a common basis that the material
performance originates from the microstructure. This paper brings together new insights and
facts from experiments regarding the pore size dependent connectivity and its relation to ionic
transport property in saturated cementitious materials. An innovative measurement, i.e.
intrusion-extrusion cyclic mercury porosimetry (IEC-MIP), is proposed to distinguish between
the small capillary pores that are present within clusters of hydration products and the large
capillary pores that are left out of hydration products. The distribution of connectivity as a
function of pore size in cementitious materials is analyzed. A novel transport parameter, i.e.
connectivity of small capillary pores, is introduced and quantified by IEC-MIP measurements.
The ionic transport was measured by means of rapid chloride migration tests. A power
relationship is established between connectivity of small capillary pores and chloride migration

coefficient for cementitious materials irrespective of the binder type.

Keywords: Pore connectivity; Chloride transport; Mercury porosimetry; Intrusion—extrusion;

Cementitious material

1. Introduction

The increasing awareness on sustainability of building infrastructures makes it necessary for

researchers and engineers to pay more attention on the durability of concrete structures. A major
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durability concern nowadays for marine concrete structures can be ascribed to the chloride-
induced reinforcement corrosion, caused by chloride penetration into concrete through the
interconnected pore network. An in-depth understanding of the relationship between chloride
penetration and microstructure is an essential step toward reliable design of durable marine
concrete [1,2].

Hardened cement matrix contains a variety of pore types. Calcium silicate hydrates (C-S-
H), which are the main hydration products, contain molecular-scale interlayer pore space and
nanometric gel pores (< 10 nm) [3]. The micrometric capillary pores (10 nm ~ 10 um), usually
irregular in shape, are formed due to insufficient packing of the hydration products, and represent
the originally water filled space [4]. According to different refinement mechanism, two types of
capillary pores have been distinguished [4-5]: small capillary pores referring to void space
present within clusters of hydration products and /arge capillary pores accounting for void space
left out of hydration products. With ongoing cement hydration, the hydration products are
precipitated in the capillary pores. Each cement grain grows outward until contact with
neighboring cement grain, initiating so called contact area [5] as marked in the hydration cell
(Fig. 1a). The contact area is enlarged with a higher degree of cement hydration.

The percolation theory, proposed by Bentz [6] who explained mass transport against the
connectivity of capillary pores, has been long time applied to study the transport property in
porous media. Pore connectivity is a scalar quantity and stands for a relatively accessible variable.
In hydrated cementitious systems the capillary pores are distributed with different pore geometry.
A typical classification of the pore geometry is schematically illustrated in Fig. 1b [7]: (i)
continuous pores, which can make up an interconnected network relating the two opposite
surfaces of a specimen; (ii) dead-end (ink-bottle) pores, which are connected with only one
surface of a specimen; (iii) isolated pores, which are surrounded by solid phases and have no
connection with any surface of a specimen. The isolated pores have no impact on mass transport,
they are therefore not of interest in usual pore structure analysis. Both continuous pores and
dead-end (ink-bottle) pores contribute to the total open porosity, but the mass transport is

predominantly controlled by the continuous pores.

Figure 1. (a) Hydration cell of two cement grains; (b) Pore geometry for (i) continuous pore,

(i1) dead-end (ink-bottle) pore and (iii) isolated pore.
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A complete description and detailed characterization of the pore connectivity in
cementitious materials is a topic of considerable efforts. The ratio of connected porosity over
total porosity, termed as overall connectivity 1, hereafter, was routinely analyzed in most
previous reports [7-14]. Conventional relationships, such as Archie’s law [15] for resistivity and
Darcy’s law [16] for permeability, were established based on well-connected pore network.
These relationships have been found imperfect [17,18], especially for cementitious materials
whose pore network is not well-connected or being in unsaturated state [ 19]. Navi and Pignat [7]
simulated the tricalcium silicate microstructure using an integrated particle kinetics model and
examined the pore connectivity in detail. The voxel-based CEMHYD3D model proposed by
Bentz [20], referred to by Liu et al. [21], and the vector-based HYMOSTRUC3D model [5,22],
referred to by Zhang et al. [23], were implemented to simulate the connectivity of capillary pores,
and the pore volume at which depercolation of capillary pores takes place was figured out.

Mercury intrusion porosimetry (MIP) technique is widely used at present, although some
assumptions and simplifications are required for interpretation of the pore structure data
measured [24]. MIP measures the pore sizes based on the accessible throat (continuous pores) to
reach internal ink-bottle pores [25]. This accessibility issue, along with other limitations, has
been well documented by Diamond [26]. Nevertheless, MIP tests are appropriate to identify such
pore features as accessible porosity (noted as total open porosity occasionally), effective
porosity, ink-bottle porosity and threshold pore diameter [19,22,26]. The overall connectivity
np Was often estimated as the quotient of the effective porosity over the total open porosity, as
described by Garboczi [27]. X-ray computed microtomography (X-CT), together with 3D image
analysis, was employed by Zhang et al. [23] and Promentilla et al. [28], among others, to analyze

the n, value. Resolution limitation of X-CT, e.g. 0.5 pm, makes it difficult to truthfully capture

the connectivity of nano pores in cementitious materials. Transmission X-ray Microscope (TXM)
with a resolution as high as 0.03 um has been reported for determining the 7, value [29]. Zhou
et al. [30] investigated the 1, by means of focused ion beam scanning electron microscopy
(FIB-SEM), in combination with the 3D pore structure reconstruction. Nuclear magnetic
resonance (NMR) enables to measure the total pore volume including connected pores and
disconnected pores (isolated pores) in water-saturated cementitious materials. Gao et al. [31]
examined the fraction of the open pore voids (from MIP) over the total pore voids (from NMR)
to determine the connectivity value, but that the continuous pores and the ink-bottle pores were
not differentiated.

The pores of different size play a different role in mass transport property. To what extent

the connectivity and the pore size can be correlated remains an open question, because of the
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intricate microstructural characteristics and associated complex pore morphology, and also due
to the wide range of pore size distribution covering nearly six orders of magnitude. None of the
existing models/equations about pore connectivity can account for the full body of the

experimentally obtained transport results reported in literature [1]. The overall connectivity 7y,

is a global parameter that was launched to stand for connectivity of the pores over entire pore
size range in a porous medium. A relationship between overall connectivity n, and mass
transport property can be judged valid only when all pore voids, irrespective of pore size, are
entirely and equally important for mass transport. This is, however, not the case for cementitious
materials, where the connected pores allowing for mass transport can be divided into one part
that dominates the mass transport and another part that plays little role. Pore blocking and
cavitation in cementitious materials highly influence the mass transport in view of absorption,
desorption and sorption hysteresis [32-34].

Mercury porosimetry has a significant potential for a comprehensive understanding of the
pore structure owing to the suitability for a broad pore size identification. With the assumption
that dead-end (ink-bottle) pores remain filled with entrapped mercury after completion of the 1%
mercury intrusion-extrusion cycle, no remaining mercury is expected when performing the 2"
cycle [35]. In the present work an alternative measurement, namely intrusion-extrusion cyclic
mercury porosimetry (IEC-MIP), is introduced, with which the continuous pores and the ink-
bottle pores can be distinguished and meanwhile a clear picture of the pore connectivity at
different scales in cementitious materials is acquired. A range of water-binder-ratio (0.4~0.6)
and supplementary cementitious materials, such as fly ash, ground granulated blast furnace slag
and limestone powder, were considered for specimen preparation. A novel transport parameter,
connectivity of small capillary pores, is put forward and quantitatively characterized, whose
relevance to the ionic transport property as indicated by rapid chloride migration tests will be

demonstrated by the experimental data.

2. Experimental

2.1. Materials and samples

Raw materails under study were ordinary Portland cement CEM 1 42.5N (OPC) and
supplementary cementitious materials (SCMs) including low-calcium fly ash (FA), limestone
powder (LP) and ground granulated blast furnace slag (BFS). Cement paste and mortar samples
were prepared. A fixed sand/binder ratio of 3 was used. The mixing process was controlled in

accordance with EN 196-1 [36]. The binder mixtures included pure OPC, binary and ternary
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cements. Substitutions of the OPC with blends by mass percentage were at dosage levels of 30%,
70% and 5% for FA, BFS and LP, respectively. The water-binder-ratio (w/b) varied from 0.4 to
0.6. Details of the mixture proportions are given in Table 1. The densities of the raw materials

were 3.12 g/cm?® for OPC, 2.26 g/cm? for FA, 2.87 g/cm? for BFS and 3.08 g/cm? for LP.

Table 1. Mix proportions for paste and mortar samples (weight percentage) with ordinary
Portland cement (OPC), fly ash (FA), ground granulated blast furnace slag (BFS) and

limestone powder (LP).

The paste samples were cured under sealed condition for 28, 105, 182 and 370 days. At each
desired age, the paste samples were split into small pieces (around 1 cm?). Regarding all the
methods to dry cement pastes for pore structure analysis, the liquid nitrogen freeze-drying
method has the minimum damage. In this respect two very typical studies can be found elsewhere
in Refs. [22,37]. In this work, liquid nitrogen was used to stop further hydration of the paste
pieces. Then these paste pieces were moved into a freeze-dryer at —24 °C and under vacuum at
0.1 Pa. The paste pieces were ready for pore structure measurements after mass loss of water
was below 0.01% per day. Cylindrical mortar samples were cast and moist-cured at 20 + 1 °C.
The mortar samples were conditioned for rapid chloride migration tests at ages of 28, 105, 182,

370 and 730 days.

2.2. Pore structure characterization by intrusion-extrusion cyclic mercury porosimetry (IEC-

MIP)

In standard mercury intrusion porosimetry (MIP) test, mercury is forced to penetrate into
the pore system of a specimen by increasing the applied pressure from the minimum to the
maximum. Assuming the pores are cylindrical in shape, the correlation between the applied
pressure P [MPa] and the pore diameter d [um] can be described with the Washburn equation
[38]:

d = (—4yugcost)/P (1)

where yyg (0.48 N/m) is the surface tension of the mercury; 6 (139°) is the contact angle

between mercury and pore wall.
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It is well known that the standard MIP suffers from the ink-bottle effect, resulting in an
overestimation of small capillary pores and an underestimation of large capillary pores [25,26].
In this work an alternative measurement procedure, named intrusion-extrusion cyclic mercury
porosimetry (IEC-MIP), is proposed for pore structure characterization. The IEC-MIP enables
to deeply understand the ink-bottle effect and distinguish between small capillary pores and large
capillary pores. The IEC-MIP measurement was composed of one low-pressure intrusion step
(from 0 to Po = 0.15 MPa) and twenty high-pressure intrusion steps (stepwise from Py = 0.15 to
210 MPa). Each high-pressure intrusion step was followed by an extrusion procedure. At each
intrusion step, mercury was forced to penetrate the microstructure through the small (throat)
pores to reach the internal large (ink-bottle) pores. At the subsequent extrusion step, only
mercury in the small (throat) pores was extruded while mercury in the large (ink-bottle) pores

was irreversibly entrapped (Fig. 2).

Figure 2. Mercury intrusion-extrusion hysteresis in a pore system with a throat pore connecting

an ink-bottle pore.

Fig. 3a illustrates the test sequence of the IEC-MIP measurement. At intrusion step i-1, the
applied pressure was increased from Py to Pi.1. The minimum intrusion pore diameter was di.1
and the cumulative intrusion volume was V. At extrusion step i-1, the applied pressure was
decreased from Pi.1 to Po and the cumulative ink-bottle volume was Vl_<:_1111k_ At intrusion step i,
the applied pressure was increased from Py to P;, corresponding to intrusion pore diameter d; and

cumulative intrusion volume V™. At extrusion step i, the cumulative ink-bottle volume was

Vicink'

Figure 3. (a) Test sequence of intrusion-extrusion cyclic mercury porosimetry (IEC-MIP): from
step (i-1) to step 7, the cumulative intrusion volume increases from Vic_irll to Vl-Cin and the
cumulative ink-bottle volume increases from V¥ to VK, (b) Standard mercury intrusion
porosimetry (MIP), consisting of an intrusion from the minimum to the maximum pressure and

an extrusion from the maximum to the minimum pressure, and the 2™ intrusion.
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From intrusion step i-1 to i, mercury fills the throat pores (diameter d;, volume Vith) and the
neighboring ink-bottle pores (volume V;"¥). Both Vith and V™K as well as the connectivity 7;,

at the specific pore diameter d; can be expressed with Egs. (2), (3) and (4), respectively.

Vit = (VA —vEn) — (e - penk (2)
Viink — Vicink _ Vic_irllk (3)
n =V / (V™ + v 4)

By IEC-MIP measurements, the distribution of connectivity 1; as a function of pore
diameter d; can be determined for all the paste mixtures as shown in Table 1. For a comparison,
the standard MIP tests (including the first complete pressurization and depressurization) [26] and
the 2" intrusion (the second complete pressurization) [22] were performed as well. Both are
illustrated in Fig. 3b. The 2" intrusion follows the same procedure as for the first complete
pressurization, but that no mercury entrapment occurs in the 2™ intrusion. The overall
connectivity 7, estimated from standard MIP, is expressed as the ratio of the effective porosity
¢ over the total open porosity ¢, as shown in Eq. (5). The details for ¢,-value and ¢-value

can be referred to the pore size distribution results given in Fig. 3b.

Np = (¢e/P) X 100% (5)

Compared to the overall connectivity 7, the distribution of connectivity as a function of

pore diameter (7; vs. d;) derived from the IEC-MIP tests enables to understand the pore
connectivity at different scales, and will be more useful for studies of mass transport in
cementitious materials. The IEC-MIP tests used in this work were composed of 20 intrusion-
extrusion cycles. More cycles can be implemented to get a clearer picture of the pore connectivity.
The measurement capacity of the apparatus was 420 MPa, while the maximum applied pressure
was limited to 210 MPa (corresponding to the minimum intrusion pore diameter of 7 nm) to

avoid severe cracking.

2.3. Chloride transport by rapid chloride migration test

Chloride ions transport occurs in a saturated cementitious material via its pore structure. Part
of the chlorides will interact with pore walls. The interaction between chlorides and pore walls
can be physical (chloride binding by surface forces on the pore walls) and/or chemical (chloride
binding due to reaction with aluminate phases) [39]. Rapid chloride migration (RCM) as

described in the guideline NT Build 492 [40] is an accelerated measurement. At the penetration
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front, where the free-chloride concentration is low, the binding of chlorides is very low [41]. The
obtained Drcm-value, which indicates the migration coefficient at the front, is largely dependent
on the pore structure of the specimen tested. The Drcwm is often called chloride migration
coefficient in order to differentiate it from that obtained by immersion tests, e.g. NT Build 443
[42] or ASTM C1556-03 [43].

Three mortar specimens (¢p100x50 mm) of each mixture were conducted with vacuum-
saturation before they were used for the RCM tests. Chloride ions were penetrated rapidly in the
mortar specimens under externally applied electric field. After a certain period of test, e.g. 24
hours, the mortar specimen was split and then sprayed with 0.1 mol-dm > AgNOj3 solution. The
chloride penetration depths corresponding to the white deposits of AgCl were measured. The
non-steady-state migration coefficient Drem (%1072 m?/s) was calculated by the formula

proposed by Tang and Nilsson [44], as:

0.0239(237+T)L /(237+T)L
DRCM = W(xd —0.0238 Txd) (6)

where 7 [°C] is the average value of the initial and final temperatures in the anolyte solution; L
[mm)] is the thickness of the specimen; U [V] is the absolute value of the applied voltage; ¢ [hour]

is the test duration; xq [mm] is the average value of the penetration depths.

3. Results
3.1. Pore connectivity

3.1.1 Overall connectivity 1,

The overall connectivity 7, of the paste mixtures shown in Table 1 was determined by the
standard MIP tests. The results are presented in Table 2. A general trend is observed that the 7,,-

value decreases with age, particularly in the first 105 days. The addition of slag (MB4, MB5 and

MB6) considerably decreases the 1,-value, compared with the reference OPC mixtures (M4,
M5 and M6) at all ages. The fly ash-blended mixture MFS5 has obviously higher 7, than the
slag-blended mixture MB35, but shows tremendously lower 7, than the reference OPC mixture

MS5 at 370 days. In the presence of limestone powder LP, the ternary mixture MBLS5 (or MFLY5)
exhibits substantially higher 7, than the LP-free binary mixture MBS (or MF5). The capability

of different blends in reducing 71, presents a descending order as slag, fly ash and limestone

powder.
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Table 2. Overall connectivity 7, of paste mixtures obtained by standard MIP tests.

3.1.2 Distribution of connectivity n; for OPC binders

The distribution of connectivity 7; as a function of pore diameter d; was determined by the
IEC-MIP measurements and using Eqgs. (2), (3) and (4). The result of the 7;-d; plots for OPC
paste mixture M4 at 28 days, as a representative, is displayed in Fig. 4. To better understand the
n;-d; relationship, the pore size distribution from standard MIP test is given as well. There is a
main peak corresponding to the most frequently occurring pore size, namely critical pore
diameter d.r. The connectivity 7; is strongly pore size-dependent, and can simply be divided
into two categories according to the pores above or below the critical pore diameter d.: (Fig. 4).
For each category the change of 7; value is limited, but there is an abruptly drastic drop of the
n; value from the pores below dcr (n = 0.75) to the pores above der (n = 0.35).

In cementitious materials the large pores (diameter d > dr) are poorly connected and they
can be connected normally through the small pores present in the contact area (see Fig. 1a). In
the early stage of mercury penetration, significant mercury entrapment (ink-bottle effect) is
expected, as evidently reflected by the low connectivity n; values at d > d.r (Fig. 4). When the
applied pressure corresponding to the critical pores is applied, a percolating network can be
formed among the small pores present in the contact area. Concurrently, nearly all the large pores
are filled with mercury. In this sense, the critical pore diameter dc: represents the maximum
continuous pore size, at which the mercury penetrates the bulk specimen. A further increase of
the pressure results in the mercury to fill the pores below d.r, and the associated ink-bottle pores
belong to the small pores (d < d.:), leading to low mercury entrapment and high connectivity, as

demonstrated by the high 7; values at d < d. (Fig. 4).

Figure 4. Two categories of the n;-d; plots in OPC paste (by IEC-MIP), according to the pore
diameter d; above or below the critical pore diameter dcr, and pore size distribution of the OPC

paste (by standard MIP).

Fig. 5 shows the 7n;-d; plots for OPC pastes cured under sealed condition from 28 to 370

days. All the curves are present in similar pattern. Regardless of the age, two groups (I and II) of
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the n;-d; plots are found, which are separated by the critical pore diameters d.. in the respective
mixtures. There is a sharp decrease in the connectivity n; value from group I to group II. A
higher age from 28 to 370 days results in a larger ink-bottle effect, reflected by the lower
connectivity 77; in the wide pore size range. This is reasonable against the background of the
microstructural formation. As the progress of cement hydration, the hydration products (C-S-H
and calcium hydroxide) are continuously precipitated. The microstructure becomes denser and
the contact area (Fig. 1a) is enlarged so that connectivity 1; of the large pores (d > dcr) is even
lower. The increased amount of hydrates C-S-H can entrap more small pores, leading to a lower

connectivity 7; atd <d.:.

Figure 5. 1;-d; relationship of OPC paste from 28 to 370 days determined by IEC-MIP tests.

With a higher age from 28 to 370 days, changes of the connectivity n; of large pores (group
IT) are limited while the connectivity 7n; of small pores (group I) shows a relatively larger
change. It is well known that the moisture tends to occupy or moves toward to the smaller pore
size in the specimen by following the Kelvin law [45,46]. For specimens under sealed curing
condition, the small pores are considered filled with water while the large pores are filled with
gas. The newly formed products from cement hydration beyond 28 days are more readily to
precipitate in the (water-filled) small pores, rather than in the (gas-filled) large pores. As a
consequence, the packing density of hydrates is higher and the connectivity of the small pores
(inside the clusters of hydrates) becomes lower. A similar finding has been reported previously
by Mehta and Manmohan [47], who studied the evolution of microstructure with age and found
that at early stage the hydration products were formed in large capillary pores, whereas later on
in small capillary pores.

From the results in Figs. 4 and 35, it is concluded that the pores above critical pore diameter
dcr cannot make up a connected network for mass transport while below the d.: the pores can
form interconnected paths allowing mass transport. The small capillary pores in cementitious
materials are not randomly distributed in its entirely, but do impose the following principles:

1) The small capillary pores (above d.r) are highly connected with the large capillary pores.
2) The small capillary pores (below dcr) are mutually interconnected, and they have little

connection with the large capillary pores. These small capillary pores can make up a

percolating pore network for mass transport in the cementitious materials.
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3.1.3 Distribution of connectivity 7n; for blended binders

Fig. 6 summarizes the 7;-d; relationship in the paste specimens made with blended binders
cured after 370 days. As indicated, the conductivity n; is not so much different for the large
capillary pore group (diameter d > 0.05 um) and mostly lies in a narrow range of 22~35%,
regardless of the binder type. For small capillary pore group (d < 0.05 um), however, the 7;
value differs significantly in the wide range of 18~80%, depending on the type of binder used.
The inclusion of SCMs, either FA or BFS, results in substantially lower connectivity 7; of small
capillary pores. Besides cement hydration, additional pozzolanic or chemical reactions can take
place in the presence of FA or BFS. C-S-H gels and/or other chemical compounds are produced.
Subsequently, plenty of small capillary pores can be segmented or clogged, resulting in lower
connectivity of the small capillary pores. The connectivity of the fine pores (< 0.02 um) is
considerably lower in BFS-blended binder MB5 than in FA-blended binder MF5. It is a result of
the higher chemical reactivity of BFS than FA. The addition of LP, in contrast, obviously
increases the connectivity 7; of small capillary pores in view of the n;-d; plots between MF5
and MFLS5. This results from the dilution effect of LP and thereby the microstructure is
coarsened.

A conclusion can be arrived at that the addition of SCMs primarily results in the
reconstruction of small capillary pores in the cementitious materials. This is of particular interest
so far as the mass transport is concerned. The capability in reducing the pore connectivity

presents an ascending order in the binders as LP < FA <BFS.

Figure 6. Effect of binder type on the 1;-d; relationship in paste specimens (w/b = 0.5, 370
days) determined by IEC-MIP tests.

3.2. Chloride migration coefficient Drcu

The chloride migration coefficient Drcm of mortar specimens was measured following the
rapid migration test method. Fig. 7a presents the results of Drem for OPC and FA-blended
binders. Between 28 days and 2 years, the Drcm value shows a generally decreasing trend. For
OPC binders a slight increase in the Drcm value can be seen at around 1 year. This is attributable
to the delayed ettringite formation, triggered as a result of alkali leaching out of the mortar

specimens under moist curing circumstances [19,48]. Alkali leaching can lead to reduced pH,
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which is favorable for ettringite precipitation. The sulfate adsorbed in the C-S-H gel can also be
desorbed owing to the reduced pH [49]. The Drcm value again shows a decreasing trend after 2
year, but that a gradual decrease can be expected. For FA-blended binders, the Drcewm value at 28
days is much higher than that in the neat OPC binders. However, the Drcm value decreases
significantly from 28 to 105 days. A relatively slow decrease of the Drcm value is followed after
105 days. With the addition of limestone powder (LP) the ternary binder MFLS5 has a slightly
lower Drcwm than the LP-free binary binder MF5.

Fig. 7b shows the chloride migration coefficient Drcm in the BFS-blended binders. The
Drcewm value decreases with age, an expected observation. A pronounced effect of the w/b (0.4,
0.5 and 0.6) on the Drcwm value is found at 28 days. Such effect is, however, diminished in view
of the DrcwMm values for binders MB4, MB5 and MB6 after 105 days. This points to a reasonable
consideration that the overall connectivity 7,, differing greatly between MB4, MB5 and MB6
as given in Table 2, is inappropriate to indicate the chloride transport property of BFS-blended
binders. Compared to MBS, further incorporation of LP (MBLY) results in an obvious decrease
of the DrcwMm value in the entire age. Upon closer observation, it is found that the Drcm values of
the BFS-blended binder MBS are substantially lower than those of the OPC binder M5 but appear
to be similar to those of the FA-blended binder MFS5.

Figure 7. Changes of chloride migration coefficient Drem with age: (a) OPC and FA-blended
mortars; (b) BFS-blended mortars.

3.3. Chloride migration coefficient Drem vs. overall connectivity 1,

The roles of the factors including w/b, age and SCMs in the chloride migration coefficient
Drcwm are primarily the result of their effects on the pore connectivity characteristics. The overall
connectivity 7,, a conventionally adopted parameter, has been determined based on standard
MIP tests and using Eq. (5). Fig. 8 depicts the chloride migration coefficient Drcm against the
overall connectivity 1, for all the mixtures given in Table 1. The Drcwm values are taken from
Fig. 7 and the 1, values from Table 2. The specimens are 28, 105, 182 and 370 days old. All
Drewm vs. 1 plots, except two (PF5 and PFLS at 28 days), can be categorized into two groups.
One group is for the specimens with OPC binders, where the Drcm-value increases markedly

with an increase of the overall connectivity n,. The other group is for the specimens with
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blended binders, where the change of Drem-value is limited when the overall connectivity 7,
increases from around 25% to 58%. A general Drem-1,, relationship covering all the binders

cannot be obtained.

Figure 8. Two-group relationship between chloride migration coefficient Drcm and overall

connectivity n, for OPC and blended mortars (28~370 days old).

It can be inferred that the often-adopted concept of overall connectivity 7, is suitable to
predict the chloride transport property in saturated OPC mortars while, surprisingly, it is not
effective in judging the chloride transport property in saturated blended mortars. A discussion

on this point follows below.

4. Discussion
4.1. Dependence of chloride transport on pore connectivity

4.1.1 Pore structure and transport property: role of small capillary pores

To understand the pore structure-related transport property in saturated porous systems, one
needs to clarify two issues: (i) the pores all over the microstructure need to be subdivided into
one part that contributes to ionic transport and another part that does not; (ii) the connectivity
of the pores that contribute to ionic transport needs to be determined.

Fig. 9 shows a sketch of the microstructure in hydrated cementitious systems. Fig. 10
illustrates the typical pore size distribution curve from standard MIP tests. A choke point
corresponding to the threshold pore diameter di, can be observed. The large capillary pores above
dwm show a flat pattern, while there is a steep change for small capillary pores below din (Fig. 10).
Transport of chloride ions in the large capillary pores can hardly take place until the chloride
ions have penetrated a long percolative chain of intermediate small capillary pores. Different
contributions of various pore categories to chloride transport can be described as follows.

1) The large capillary pores (I: dn < d < 10 um) are mostly disconnected and have minor
influence on the ionic transport property. A higher volume of the large capillary pores will
result in a higher total porosity, as well as a higher ink-bottle porosity (a lower effective

porosity) and a lower overall connectivity 1, (Eq. (5)), but will not significantly affect the
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rate of ionic transport. For determinations of the threshold pore diameter dw reference can
be made to the tangent method provided by Liu and Winslow [50].

2) The small capillary pores (II: 0.01 um < d < dw) play a major role in the rate of ionic
transport. The connectivity of small capillary pores and its relation to ionic transport will be
quantitatively described in Subsections 4.1.2 and 4.1.3.

3) lonic transport in the gel pores (III: d < 0.01 um) is so slow that it is negligible [51,52],

compared to ionic transport in the capillary pores in range II.

Figure 9. A sketch of the microstructure in hydrated cementitious systems.

Figure 10. Three pore categories based on MIP-derived pore size distribution. di - threshold

pore diameter.

4.1.2 Connectivity of small capillary pores (0.01 um < d < d)

Two types of pore geometry of small capillary pores (0.01 um < d < dw, range II of Fig. 10)
can be distinguished: throat type (volume Vi) and ink-bottle type (volume ViPX). The

connectivity of small capillary pores in range II, 1, is expressed as:
Nsc = Vstch/(VsE:h + Vsicnk (7)

The ngc-value of each specimen can be determined based on IEC-MIP tests. To understand
the volume Vi of small capillary ink-bottle pores, differentiation between small capillary ink-
bottle pores and large capillary ink-bottle pores is required. This can be achieved by studying
the distribution of connectivity 7 as a function of pore diameter d. Fig. 11 shows an example of
the n-d plots measured from the IEC-MIP tests.

1) At de <d < dn, mercury penetrates into both small capillary (throat and ink-bottle) pores
and large capillary (ink-bottle) pores (Fig. 9). The ink-bottle effect is large, corresponding

to low connectivity value (n = 0.35) (Fig. 11).

2) At0.01 pm <d <dsc, mercury only penetrates into small capillary pores (Fig. 9), including
throat type and ink-bottle type, resulting in small ink-bottle effect and high connectivity
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value (n = 0.75) (Fig. 11). The ds is the pore size smaller than, but close to, the critical

pore diameter dcr.

It is not easy to obtain the Vi"X-value directly from mercury intrusion-extrusion cycles at
pore size range I (0.01 um < d < dwn). However, given that the connectivity 1 value is almost
the same for small capillary pores in the range 0.01 um < d < d;, it is reasonable to consider
that the connectivity ng. of small capillary pores in range II (0.01 um < d < du) is equal to the
connectivity 7g . of pores (0.01 um < d < dsr). The 74 -value is obtainable from mercury
intrusion-extrusion cycles at pore size range 0.01 pm < d <dsr, and can be expressed as Eq. (8).

Vsth
Nsc = Ns,er = 5 X 100% (8)

Vsin
where V" and V" are the cumulative throat pore volume and the cumulative intrusion volume,
respectively, when mercury intrudes the pores with diameters from dsr to 0.01 um. The V-
value can be determined from the pore size distribution obtained by the 2 pressurization, i.e.
the 2" intrusion as illustrated in Fig. 3b. The Vi™-value can be determined from the pore size
distribution obtained by the 1% pressurization, i.e. 1% intrusion as illustrated in Fig. 3b.

Determinations of both V;-value and V,™-value are illustrated in Fig. 11.

Figure 11. Determination of the connectivity ng. of small capillary pores (range II: 0.01 um <
d < dw) in cement paste (w/b = 0.4, 28-day-old). di — threshold pore diameter; d.. — critical

pore diameter; ds: is the pore diameter smaller than, but close to, the critical pore diameter d.:.

4.1.3 Relationship between chloride migration coefficient and connectivity of small capillary
pores

The connectivity ng. of small capillary pores (range II: 0.01 um < d < dn) has been
determined with Eq. (8) for various mixtures. By replacing the overall connectivity 1, with the
connectivity ng. of small capillary pores, the Drem-7p plots shown in Fig. 8 are then
transformed into the Drcm-nse plots, as shown in Fig. 12a. For a given mixture the ng. value is
generally higher than the n,, value. A power equation, as formulated in Eq. (9), is found to well

describe the Drcem-1g. relationship covering the plots of all OPC and blended binders. The

exponent of 4 suggests that the chloride transport property in saturated mortars significantly
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depends on the connectivity ns. of small capillary pores. Fig. 12b gives the relationship between
logDreMm and 714 in logarithmic plots. The dependence of chloride ions transport on the 74 is
highlighted accordingly. Based on the results given in Fig. 12a, it is clear that compared to the
conventional concept of overall connectivity 7, (calculated by Eq. (5)), the connectivity 1. of
small capillary pores (calculated by Eq. (8)) is a better parameter for indicating the ionic transport

in saturated cementitious materials irrespective of the binder type.

Drem = 46.86 - (1150)* )

Figure 12. (a) Power relationship between chloride migration coefficient Drem and
connectivity ng. of small capillary pores (0.01 pm < d < dm), regardless of the binders (OPC
and blends); (b) Relationship between logDrcm and 7. in logarithmic plots.

4.2 Examination of isolated pores

Mercury penetration can measure the open porosity, including continuous pores and dead-
end (ink-bottle) pores, but that the isolated pores cannot be filled with mercury. A brief
discussion on the presence of isolated pores in OPC pastes is provided below.

From the reports by Neville [53] and Wong and Buenfeld [54], the total shrinkage of
hardened OPC pastes is very small in comparison to the porosity obtained by mercury
porosimetry. The reduction of porosity with age originates from continuous precipitation of
hydration products. In some cases, the hydration products are densely packed and isolated pores
can be formed inside the clusters of hydration products. Volume transformations of capillary
water to the chemically bound water, as well as to the gel water, account for a main part of the
pore volume reduction in hydrating cement paste. The different types of water phase in cement
paste are illustrated in Fig. 13. Capillary water is the water held in capillary pores. Part of the
capillary water is physically adsorbed on the pore walls. The adsorbed capillary water is hardly
available for cement hydration. The free capillary water, in contrast, can easily be mobilized for
cement hydration. Gel water, also termed interlayer water, refers to the water between C-S-H gel
layers. For complete hydration of the cement, the non-evaporable water amounts to 0.22~0.25

g/g of the anhydrous cement [5].
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Figure 13. Illustration of water phases in the cement paste [55].

Cement grains react with the free capillary water resulting in a net reduction of the total
volume of water and solid. The capillary water (specific volume = 1 cm?/g) can be partly
transformed into chemically bound water (specific volume = 0.72 cm?/g) [56]. Subsequently, the
originally water filled space (i.e. initial porosity ¢) is gradually occupied by solid phases.
Reaction of 1 g capillary water into chemically bound water can result in a reduction of the pore
volume of 0.72 cm®. In accordance to Powers’ model [55], 1 g reacted cement products contain
around 0.19 g gel water. The gel water is highly compressed, with a specific volume of 0.9 cm®/g
[56]. For the same amount of water by weight, the volume of gel water is less than that of
capillary water by around 10%.

The presence of isolated pores can be analyzed roughly by tracing changes of the total open
porosity ¢, with cement hydration. The initial porosity ¢, (age t =0), with the air voids not

considered, can be computed as:

B w/b
w/b +my/py + mc/pc

$o (10)
where w/b is the water-binder-ratio; m. and my are the mass percentage of Portland cement and
blended cement, respectively; p. and p, are the specific gravity of Portland cement and
blended cement, respectively. For pure Portland cement pastes, my = 0.

Table 3 shows the initial porosity ¢, of various paste mixtures calculated with Eq. (10).
The w/b greatly influences the initial porosity ¢,. Increasing 0.1 of the w/b results in the initial

porosity ¢, to increase by about 5%.

Table 3. Initial porosity ¢, of paste specimens according to Eq. (10).

Changes of the total open porosity ¢, with hydration period ¢, A¢p(t) = ¢y — ¢, were
determined, with the ¢, value obtained from mercury porosimetry measurements. Fig. 14
shows the evolution of the A¢(t) value with age for OPC and BFS-blended pastes with w/b of
0.4, 0.5 and 0.6. As expected, a rise trend in the A¢(t) value is observed for a higher age. This
is attributed to the continuous precipitation of hydration products. Of particular interest to note

is that the A¢p(t) value is higher in the OPC paste with low w/b = 0.4 (M4) than that with high
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w/b (M6) at all ages. Precipitation of solid hydrates and formation of isolated pores are the two
main reasons leading to changes of the A¢(t) value. It is well known that increasing the w/b
can accelerate the cement hydration and more hydration products will be created [57,58]. Then
the higher A¢p(t) value in M4 should be most possibly owing to the fact that more isolated pores
have been formed in M4 than in M6, assuming that other conditions are the same between the
two. These isolated pores were not included in the total open porosity ¢, as measured by
mercury porosimetry. The similar finding holds also for the BFS-blended pastes. In the first 182
days, the A¢(t) values are obviously higher in MB4 (BFS, w/b = 0.4) than those in MB5 (BFS,
w/b =0.5) and MB6 (BFS, w/b = 0.6).

As analyzed above, more isolated pores are formed in the mixtures with low w/b of 0.4. At
28 days, the A¢p(t) value is 1.9% larger in M4 than in M6, suggesting that the porosity of
isolated pores should be at least 1.9% for OPC paste M4 (w/b = 0.4). Likewise, the porosity of
isolated pores is calculated to be at least 4.1% for BFS-blended paste MB4 (w/b = 0.4) at 28
days. The BFS reacts with the calcium hydroxide and transforms into the secondary C-S-H,
whereby more small pores can be entrapped and turn into isolated pores. This may be the reason

for the higher volume of isolated pores in MB4 than in M4.

Figure 14. Open porosity change (A¢(t) = ¢, — ¢, ) with age for OPC and BFS-blended
pastes with w/b of 0.4, 0.5 and 0.6. ¢, is the initial porosity according to Eq. (10) and ¢, is

the total open porosity by mercury porosimetry measurements.

5. Conclusions

An innovative measurement, i.e. intrusion-extrusion cyclic mercury porosimetry (IEC-
MIP), has been introduced. Compared to standard MIP tests, the IEC-MIP tests enable to obtain
a much clearer picture of the pore connectivity at different scales and provide evident basis for
studies of mass transport in saturated cementitious materials as estimated by rapid chloride
migration tests. According to experimental studies of this work, the key findings are outlined as
follows.

1) The connectivity # of the pores in cementitious materials strongly depends on the pore
diameter d. For OPC binders, an abruptly drastic drop of the connectivity # is found from

small pore group (d < critical pore diameter d.) to large pore group (d > dcr).
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For OPC binders the small capillary pores are highly interconnected and mostly present as
continuous pores. Incorporation of supplementary cementitious materials results in a
significant reconstruction of the small capillary pores. The connectivity of the pores below
0.05 um is substantially decreased by the addition of slag or fly ash while increased by
including limestone powder.

For OPC binders a higher overall connectivity 7, leads to a higher chloride migration
coefficient Drem. This finding, however, does not hold for binders blended with fly ash or
slag.

A novel transport parameter, connectivity ne. of small capillary pores (0.01 pm < d <
threshold pore diameter d), is put forward. A power Drcm-1g. relationship is established

covering all the binders (OPC, slag, fly ash and limestone powder).
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702 Figure 1. (a) Hydration cell of two cement grains; (b) Pore geometry for (i) continuous pore,
703 (i1) dead-end (ink-bottle) pore and (iii) isolated pore.
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708  Figure 2. Mercury intrusion-extrusion hysteresis in a pore system with a throat pore connecting

709 an ink-bottle pore.

710



25 of 33

A 35% .
Step i : intrusion Ist Intrusion
o - — —Stepi: extrusion _ g 30% 4 -mee- 1st extrusion .
g e Step (i-1) : intrusion b El 5% - e nd intrusion
§ = = = Step (i-1) : extrusion g °
© L oy J Effective i
'g_ o g porosity ¢, /
B . ) i /
2 Step i ——— 1 = 15% Total
= @ - i
% Step (i-1): = 10% J porosity ¢
1 .
E ! pink £ Ink-bottle
Q | V-d?k © 5% 1 porosity ¢;
1 1—
Ll R
0 }') 4 0.001 0.01 0.1 1 10 100 1000
° Pressure P Pressure (MPa)
(a) (b)

711  Figure 3. (a) Test sequence of intrusion-extrusion cyclic mercury porosimetry (IEC-MIP): from
712 step (i-1) to step 7, the cumulative intrusion volume increases from Vic_hl’ to Vl-Cin and the

713 cumulative ink-bottle volume increases from V1K to VK (b) Standard mercury intrusion

714 porosimetry (MIP), consisting of an intrusion from the minimum to the maximum pressure and

715 an extrusion from the maximum to the minimum pressure, and the 2™ intrusion.
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719 Figure 4. Two categories of the 1;-d; plots in OPC paste (by IEC-MIP), according to the pore
720  diameter d; above or below the critical pore diameter dcr, and pore size distribution of the OPC

721 paste (by standard MIP).
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724 Figure 5. n;-d; relationship of OPC paste from 28 to 370 days determined by IEC-MIP tests.
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728 Figure 6. Effect of binder type on the 7;-d; relationship in paste specimens (w/b = 0.5, 370
729 days) determined by IEC-MIP tests.
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Figure 7. Changes of chloride migration coefficient Drcm with age: (a) OPC and FA-blended
mortars; (b) BFS-blended mortars.
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connectivity n, for OPC and blended mortars (28~370 days old).
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741 Figure 9. A sketch of the microstructure in hydrated cementitious systems.
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745 Figure 10. Three pore categories based on MIP-derived pore size distribution. di - threshold

746 pore diameter.
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Figure 11. Determination of the connectivity 7ng. of small capillary pores (range II: 0.01 pm <
d < dw) in cement paste (w/b = 0.4, 28-day-old). du — threshold pore diameter; dc: — critical

pore diameter; dsc: is the pore diameter smaller than, but close to, the critical pore diameter d.:.
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759 Figure 12. (a) Power relationship between chloride migration coefficient Drem and

760 connectivity 7ng. of small capillary pores (0.01 um < d < dw), regardless of the binders (OPC
761 and blends); (b) Relationship between logDrcm and 71 in logarithmic plots.
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764 Figure 13. Illustration of water phases in the cement paste [55].
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768 Figure 14. Open porosity change (A¢(t) = ¢y — ¢, ) with age for OPC and BFS-blended
769 pastes with w/b 0of 0.4, 0.5 and 0.6. ¢ is the initial porosity according to Eq. (10) and ¢, is

770 the total open porosity by mercury porosimetry measurements.
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772
773
774 Table 1. Mix proportions for paste and mortar samples (weight percentage) with ordinary
775 Portland cement (OPC), fly ash (FA), ground granulated blast furnace slag (BFS) and
776 limestone powder (LP).
Mixtures water-binder-ratio (w/b) OPC FA BFS LP
M4 0.4 100%
M5 0.5 100%
M6 0.6 100%
MF5 0.5 70% 30%
MFLS5 0.5 65% 30% 5%
MB4 0.4 30% 70%
MB35 0.5 30% 70%
MB6 0.6 30% 70%
MBL5 0.5 25% 70% 5%
777
778
779 Table 2. Overall connectivity 7, of paste mixtures obtained by standard MIP tests.
Mixtures Age (days)
28 105 182 370
M4 54.5% 50.5% 47.0% 45.1%
M5 60.1% 58.4% 57.3% 57.1%
M6 66.1% 66.0% 65.5% 63.4%
MF5 58.9% 50.6% 48.3% 45.8%
MFLS5 61.7% 57.7% 55.2% 55.1%
MB4 34.8% 26.1% 25.9% 25.3%
MB35 45.0% 39.7% 38.8% 37.3%
MB6 48.6% 41.8% 40.8% 40.7%
MBLS5 56.0% 54.9% 54.6% 54.4%
780

781
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782 Table 3. Initial porosity ¢, of paste mixtures according to Eq. (10).

Mixtures M4 M5 M6 MF5 MFL5 MB4 MB5 MB6 MBLS

bo 55.5% 61.0% 652% 583% 583% 54.1% 59.5% 63.8% 59.5%

783
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