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Abstract: Microstructure-property relationship has drawn strong attention in modern material 13 

science. The progress achieved in this field relies on a common basis that the material 14 

performance originates from the microstructure. This paper brings together new insights and 15 

facts from experiments regarding the pore size dependent connectivity and its relation to ionic 16 

transport property in saturated cementitious materials. An innovative measurement, i.e. 17 

intrusion-extrusion cyclic mercury porosimetry (IEC-MIP), is proposed to distinguish between 18 

the small capillary pores that are present within clusters of hydration products and the large 19 

capillary pores that are left out of hydration products. The distribution of connectivity as a 20 

function of pore size in cementitious materials is analyzed. A novel transport parameter, i.e. 21 

connectivity of small capillary pores, is introduced and quantified by IEC-MIP measurements. 22 

The ionic transport was measured by means of rapid chloride migration tests. A power 23 

relationship is established between connectivity of small capillary pores and chloride migration 24 

coefficient for cementitious materials irrespective of the binder type. 25 

 26 

Keywords: Pore connectivity; Chloride transport; Mercury porosimetry; Intrusion–extrusion; 27 

Cementitious material 28 

 29 

1. Introduction 30 

The increasing awareness on sustainability of building infrastructures makes it necessary for 31 

researchers and engineers to pay more attention on the durability of concrete structures. A major 32 
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durability concern nowadays for marine concrete structures can be ascribed to the chloride-33 

induced reinforcement corrosion, caused by chloride penetration into concrete through the 34 

interconnected pore network. An in-depth understanding of the relationship between chloride 35 

penetration and microstructure is an essential step toward reliable design of durable marine 36 

concrete [1,2]. 37 

Hardened cement matrix contains a variety of pore types. Calcium silicate hydrates (C-S-38 

H), which are the main hydration products, contain molecular-scale interlayer pore space and 39 

nanometric gel pores (≤ 10 nm) [3]. The micrometric capillary pores (10 nm ~ 10 µm), usually 40 

irregular in shape, are formed due to insufficient packing of the hydration products, and represent 41 

the originally water filled space [4]. According to different refinement mechanism, two types of 42 

capillary pores have been distinguished [4-5]: small capillary pores referring to void space 43 

present within clusters of hydration products and large capillary pores accounting for void space 44 

left out of hydration products. With ongoing cement hydration, the hydration products are 45 

precipitated in the capillary pores. Each cement grain grows outward until contact with 46 

neighboring cement grain, initiating so called contact area [5] as marked in the hydration cell 47 

(Fig. 1a). The contact area is enlarged with a higher degree of cement hydration. 48 

The percolation theory, proposed by Bentz [6] who explained mass transport against the 49 

connectivity of capillary pores, has been long time applied to study the transport property in 50 

porous media. Pore connectivity is a scalar quantity and stands for a relatively accessible variable. 51 

In hydrated cementitious systems the capillary pores are distributed with different pore geometry. 52 

A typical classification of the pore geometry is schematically illustrated in Fig. 1b [7]: (i) 53 

continuous pores, which can make up an interconnected network relating the two opposite 54 

surfaces of a specimen; (ii) dead-end (ink-bottle) pores, which are connected with only one 55 

surface of a specimen; (iii) isolated pores, which are surrounded by solid phases and have no 56 

connection with any surface of a specimen. The isolated pores have no impact on mass transport, 57 

they are therefore not of interest in usual pore structure analysis. Both continuous pores and 58 

dead-end (ink-bottle) pores contribute to the total open porosity, but the mass transport is 59 

predominantly controlled by the continuous pores. 60 

 61 

Figure 1. (a) Hydration cell of two cement grains; (b) Pore geometry for (i) continuous pore, 62 

(ii) dead-end (ink-bottle) pore and (iii) isolated pore. 63 

 64 
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A complete description and detailed characterization of the pore connectivity in 65 

cementitious materials is a topic of considerable efforts. The ratio of connected porosity over 66 

total porosity, termed as overall connectivity 𝜂𝜂p  hereafter, was routinely analyzed in most 67 

previous reports [7-14]. Conventional relationships, such as Archie’s law [15] for resistivity and 68 

Darcy’s law [16] for permeability, were established based on well-connected pore network. 69 

These relationships have been found imperfect [17,18], especially for cementitious materials 70 

whose pore network is not well-connected or being in unsaturated state [19]. Navi and Pignat [7] 71 

simulated the tricalcium silicate microstructure using an integrated particle kinetics model and 72 

examined the pore connectivity in detail. The voxel-based CEMHYD3D model proposed by 73 

Bentz [20], referred to by Liu et al. [21], and the vector-based HYMOSTRUC3D model [5,22], 74 

referred to by Zhang et al. [23], were implemented to simulate the connectivity of capillary pores, 75 

and the pore volume at which depercolation of capillary pores takes place was figured out. 76 

Mercury intrusion porosimetry (MIP) technique is widely used at present, although some 77 

assumptions and simplifications are required for interpretation of the pore structure data 78 

measured [24]. MIP measures the pore sizes based on the accessible throat (continuous pores) to 79 

reach internal ink-bottle pores [25]. This accessibility issue, along with other limitations, has 80 

been well documented by Diamond [26]. Nevertheless, MIP tests are appropriate to identify such 81 

pore features as accessible porosity (noted as total open porosity occasionally), effective 82 

porosity, ink-bottle porosity and threshold pore diameter [19,22,26]. The overall connectivity 83 

𝜂𝜂p was often estimated as the quotient of the effective porosity over the total open porosity, as 84 

described by Garboczi [27]. X-ray computed microtomography (X-CT), together with 3D image 85 

analysis, was employed by Zhang et al. [23] and Promentilla et al. [28], among others, to analyze 86 

the 𝜂𝜂p value. Resolution limitation of X-CT, e.g. 0.5 μm, makes it difficult to truthfully capture 87 

the connectivity of nano pores in cementitious materials. Transmission X-ray Microscope (TXM) 88 

with a resolution as high as 0.03 μm has been reported for determining the 𝜂𝜂p value [29]. Zhou 89 

et al. [30] investigated the 𝜂𝜂p by means of focused ion beam scanning electron microscopy 90 

(FIB-SEM), in combination with the 3D pore structure reconstruction. Nuclear magnetic 91 

resonance (NMR) enables to measure the total pore volume including connected pores and 92 

disconnected pores (isolated pores) in water-saturated cementitious materials. Gao et al. [31] 93 

examined the fraction of the open pore voids (from MIP) over the total pore voids (from NMR) 94 

to determine the connectivity value, but that the continuous pores and the ink-bottle pores were 95 

not differentiated. 96 

The pores of different size play a different role in mass transport property. To what extent 97 

the connectivity and the pore size can be correlated remains an open question, because of the 98 
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intricate microstructural characteristics and associated complex pore morphology, and also due 99 

to the wide range of pore size distribution covering nearly six orders of magnitude. None of the 100 

existing models/equations about pore connectivity can account for the full body of the 101 

experimentally obtained transport results reported in literature [1]. The overall connectivity 𝜂𝜂p 102 

is a global parameter that was launched to stand for connectivity of the pores over entire pore 103 

size range in a porous medium. A relationship between overall connectivity 𝜂𝜂p  and mass 104 

transport property can be judged valid only when all pore voids, irrespective of pore size, are 105 

entirely and equally important for mass transport. This is, however, not the case for cementitious 106 

materials, where the connected pores allowing for mass transport can be divided into one part 107 

that dominates the mass transport and another part that plays little role. Pore blocking and 108 

cavitation in cementitious materials highly influence the mass transport in view of absorption, 109 

desorption and sorption hysteresis [32-34]. 110 

Mercury porosimetry has a significant potential for a comprehensive understanding of the 111 

pore structure owing to the suitability for a broad pore size identification. With the assumption 112 

that dead-end (ink-bottle) pores remain filled with entrapped mercury after completion of the 1st 113 

mercury intrusion-extrusion cycle, no remaining mercury is expected when performing the 2nd 114 

cycle [35]. In the present work an alternative measurement, namely intrusion-extrusion cyclic 115 

mercury porosimetry (IEC-MIP), is introduced, with which the continuous pores and the ink-116 

bottle pores can be distinguished and meanwhile a clear picture of the pore connectivity at 117 

different scales in cementitious materials is acquired. A range of water-binder-ratio (0.4～0.6) 118 

and supplementary cementitious materials, such as fly ash, ground granulated blast furnace slag 119 

and limestone powder, were considered for specimen preparation. A novel transport parameter, 120 

connectivity of small capillary pores, is put forward and quantitatively characterized, whose 121 

relevance to the ionic transport property as indicated by rapid chloride migration tests will be 122 

demonstrated by the experimental data. 123 

2. Experimental 124 

2.1. Materials and samples 125 

Raw materails under study were ordinary Portland cement CEM I 42.5N (OPC) and 126 

supplementary cementitious materials (SCMs) including low-calcium fly ash (FA), limestone 127 

powder (LP) and ground granulated blast furnace slag (BFS). Cement paste and mortar samples 128 

were prepared. A fixed sand/binder ratio of 3 was used. The mixing process was controlled in 129 

accordance with EN 196-1 [36]. The binder mixtures included pure OPC, binary and ternary 130 
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cements. Substitutions of the OPC with blends by mass percentage were at dosage levels of 30%, 131 

70% and 5% for FA, BFS and LP, respectively. The water-binder-ratio (w/b) varied from 0.4 to 132 

0.6. Details of the mixture proportions are given in Table 1. The densities of the raw materials 133 

were 3.12 g/cm3 for OPC, 2.26 g/cm3 for FA, 2.87 g/cm3 for BFS and 3.08 g/cm3 for LP. 134 

 135 

Table 1. Mix proportions for paste and mortar samples (weight percentage) with ordinary 136 

Portland cement (OPC), fly ash (FA), ground granulated blast furnace slag (BFS) and 137 

limestone powder (LP). 138 

 139 

The paste samples were cured under sealed condition for 28, 105, 182 and 370 days. At each 140 

desired age, the paste samples were split into small pieces (around 1 cm3). Regarding all the 141 

methods to dry cement pastes for pore structure analysis, the liquid nitrogen freeze-drying 142 

method has the minimum damage. In this respect two very typical studies can be found elsewhere 143 

in Refs. [22,37]. In this work, liquid nitrogen was used to stop further hydration of the paste 144 

pieces. Then these paste pieces were moved into a freeze-dryer at −24 ˚C and under vacuum at 145 

0.1 Pa. The paste pieces were ready for pore structure measurements after mass loss of water 146 

was below 0.01% per day. Cylindrical mortar samples were cast and moist-cured at 20 ± 1 ˚C. 147 

The mortar samples were conditioned for rapid chloride migration tests at ages of 28, 105, 182, 148 

370 and 730 days. 149 

2.2. Pore structure characterization by intrusion-extrusion cyclic mercury porosimetry (IEC-150 

MIP) 151 

In standard mercury intrusion porosimetry (MIP) test, mercury is forced to penetrate into 152 

the pore system of a specimen by increasing the applied pressure from the minimum to the 153 

maximum. Assuming the pores are cylindrical in shape, the correlation between the applied 154 

pressure P [MPa] and the pore diameter d [μm] can be described with the Washburn equation 155 

[38]:  156 

𝑑𝑑 = (−4𝛾𝛾Hgcos𝜃𝜃)/𝑃𝑃 (1) 

where 𝛾𝛾Hg (0.48 N/m) is the surface tension of the mercury; 𝜃𝜃 (139°) is the contact angle 157 

between mercury and pore wall. 158 
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It is well known that the standard MIP suffers from the ink-bottle effect, resulting in an 159 

overestimation of small capillary pores and an underestimation of large capillary pores [25,26]. 160 

In this work an alternative measurement procedure, named intrusion-extrusion cyclic mercury 161 

porosimetry (IEC-MIP), is proposed for pore structure characterization. The IEC-MIP enables 162 

to deeply understand the ink-bottle effect and distinguish between small capillary pores and large 163 

capillary pores. The IEC-MIP measurement was composed of one low-pressure intrusion step 164 

(from 0 to P0 = 0.15 MPa) and twenty high-pressure intrusion steps (stepwise from P0 = 0.15 to 165 

210 MPa). Each high-pressure intrusion step was followed by an extrusion procedure. At each 166 

intrusion step, mercury was forced to penetrate the microstructure through the small (throat) 167 

pores to reach the internal large (ink-bottle) pores. At the subsequent extrusion step, only 168 

mercury in the small (throat) pores was extruded while mercury in the large (ink-bottle) pores 169 

was irreversibly entrapped (Fig. 2). 170 

 171 

Figure 2. Mercury intrusion-extrusion hysteresis in a pore system with a throat pore connecting 172 

an ink-bottle pore. 173 

 174 

Fig. 3a illustrates the test sequence of the IEC-MIP measurement. At intrusion step i-1, the 175 

applied pressure was increased from P0 to Pi-1. The minimum intrusion pore diameter was di-1 176 

and the cumulative intrusion volume was 𝑉𝑉𝑖𝑖−1cin. At extrusion step i-1, the applied pressure was 177 

decreased from Pi-1 to P0 and the cumulative ink-bottle volume was 𝑉𝑉𝑖𝑖−1cink. At intrusion step i, 178 

the applied pressure was increased from P0 to Pi, corresponding to intrusion pore diameter di and 179 

cumulative intrusion volume 𝑉𝑉𝑖𝑖cin. At extrusion step i, the cumulative ink-bottle volume was 180 

𝑉𝑉𝑖𝑖cink. 181 

 182 

Figure 3. (a) Test sequence of intrusion-extrusion cyclic mercury porosimetry (IEC-MIP): from 183 

step (i-1) to step i, the cumulative intrusion volume increases from 𝑉𝑉𝑖𝑖−1cin to 𝑉𝑉𝑖𝑖cin and the 184 

cumulative ink-bottle volume increases from 𝑉𝑉𝑖𝑖−1cink to 𝑉𝑉𝑖𝑖cink; (b) Standard mercury intrusion 185 

porosimetry (MIP), consisting of an intrusion from the minimum to the maximum pressure and 186 

an extrusion from the maximum to the minimum pressure, and the 2nd intrusion. 187 

 188 
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From intrusion step i-1 to i, mercury fills the throat pores (diameter di, volume 𝑉𝑉𝑖𝑖th) and the 189 

neighboring ink-bottle pores (volume 𝑉𝑉𝑖𝑖ink). Both 𝑉𝑉𝑖𝑖th and 𝑉𝑉𝑖𝑖ink, as well as the connectivity 𝜂𝜂𝑖𝑖, 190 

at the specific pore diameter di can be expressed with Eqs. (2), (3) and (4), respectively. 191 

𝑉𝑉𝑖𝑖th = �𝑉𝑉𝑖𝑖cin − 𝑉𝑉𝑖𝑖−1cin� − (𝑉𝑉𝑖𝑖cink − 𝑉𝑉𝑖𝑖−1cink) (2) 

𝑉𝑉𝑖𝑖ink = 𝑉𝑉𝑖𝑖cink − 𝑉𝑉𝑖𝑖−1cink (3) 

𝜂𝜂𝑖𝑖 = 𝑉𝑉𝑖𝑖th (𝑉𝑉𝑖𝑖th + 𝑉𝑉𝑖𝑖ink)�  (4) 

By IEC-MIP measurements, the distribution of connectivity 𝜂𝜂𝑖𝑖  as a function of pore 192 

diameter di can be determined for all the paste mixtures as shown in Table 1. For a comparison, 193 

the standard MIP tests (including the first complete pressurization and depressurization) [26] and 194 

the 2nd intrusion (the second complete pressurization) [22] were performed as well. Both are 195 

illustrated in Fig. 3b. The 2nd intrusion follows the same procedure as for the first complete 196 

pressurization, but that no mercury entrapment occurs in the 2nd intrusion. The overall 197 

connectivity 𝜂𝜂p, estimated from standard MIP, is expressed as the ratio of the effective porosity 198 

𝜙𝜙e over the total open porosity 𝜙𝜙t, as shown in Eq. (5). The details for 𝜙𝜙e-value and 𝜙𝜙t-value 199 

can be referred to the pore size distribution results given in Fig. 3b. 200 

𝜂𝜂p = (𝜙𝜙e 𝜙𝜙t⁄ ) × 100% (5) 

Compared to the overall connectivity 𝜂𝜂p, the distribution of connectivity as a function of 201 

pore diameter (𝜂𝜂𝑖𝑖  vs. di) derived from the IEC-MIP tests enables to understand the pore 202 

connectivity at different scales, and will be more useful for studies of mass transport in 203 

cementitious materials. The IEC-MIP tests used in this work were composed of 20 intrusion-204 

extrusion cycles. More cycles can be implemented to get a clearer picture of the pore connectivity. 205 

The measurement capacity of the apparatus was 420 MPa, while the maximum applied pressure 206 

was limited to 210 MPa (corresponding to the minimum intrusion pore diameter of 7 nm) to 207 

avoid severe cracking. 208 

2.3. Chloride transport by rapid chloride migration test 209 

Chloride ions transport occurs in a saturated cementitious material via its pore structure. Part 210 

of the chlorides will interact with pore walls. The interaction between chlorides and pore walls 211 

can be physical (chloride binding by surface forces on the pore walls) and/or chemical (chloride 212 

binding due to reaction with aluminate phases) [39]. Rapid chloride migration (RCM) as 213 

described in the guideline NT Build 492 [40] is an accelerated measurement. At the penetration 214 
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front, where the free-chloride concentration is low, the binding of chlorides is very low [41]. The 215 

obtained DRCM-value, which indicates the migration coefficient at the front, is largely dependent 216 

on the pore structure of the specimen tested. The DRCM is often called chloride migration 217 

coefficient in order to differentiate it from that obtained by immersion tests, e.g. NT Build 443 218 

[42] or ASTM C1556–03 [43]. 219 

Three mortar specimens (ϕ100×50 mm) of each mixture were conducted with vacuum-220 

saturation before they were used for the RCM tests. Chloride ions were penetrated rapidly in the 221 

mortar specimens under externally applied electric field. After a certain period of test, e.g. 24 222 

hours, the mortar specimen was split and then sprayed with 0.1 mol·dm−3 AgNO3 solution. The 223 

chloride penetration depths corresponding to the white deposits of AgCl were measured. The 224 

non-steady-state migration coefficient DRCM (×10–12 m2/s) was calculated by the formula 225 

proposed by Tang and Nilsson [44], as: 226 

𝐷𝐷RCM = 0.0239(237+𝑇𝑇)𝐿𝐿
(𝑈𝑈−2)𝑡𝑡

(𝑥𝑥d − 0.0238�(237+𝑇𝑇)𝐿𝐿𝑥𝑥d
𝑈𝑈−2

) (6) 

where T [˚C] is the average value of the initial and final temperatures in the anolyte solution; L 227 

[mm] is the thickness of the specimen; U [V] is the absolute value of the applied voltage; t [hour] 228 

is the test duration; xd [mm] is the average value of the penetration depths. 229 

3. Results 230 

3.1. Pore connectivity 231 

3.1.1 Overall connectivity 𝜂𝜂𝑝𝑝 232 

The overall connectivity 𝜂𝜂p of the paste mixtures shown in Table 1 was determined by the 233 

standard MIP tests. The results are presented in Table 2. A general trend is observed that the 𝜂𝜂p-234 

value decreases with age, particularly in the first 105 days. The addition of slag (MB4, MB5 and 235 

MB6) considerably decreases the 𝜂𝜂p-value, compared with the reference OPC mixtures (M4, 236 

M5 and M6) at all ages. The fly ash-blended mixture MF5 has obviously higher 𝜂𝜂p than the 237 

slag-blended mixture MB5, but shows tremendously lower 𝜂𝜂p than the reference OPC mixture 238 

M5 at 370 days. In the presence of limestone powder LP, the ternary mixture MBL5 (or MFL5) 239 

exhibits substantially higher 𝜂𝜂p than the LP-free binary mixture MB5 (or MF5). The capability 240 

of different blends in reducing 𝜂𝜂p presents a descending order as slag, fly ash and limestone 241 

powder. 242 
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 243 

Table 2. Overall connectivity 𝜂𝜂p of paste mixtures obtained by standard MIP tests. 244 

 245 

3.1.2 Distribution of connectivity 𝜂𝜂𝑖𝑖 for OPC binders 246 

The distribution of connectivity 𝜂𝜂𝑖𝑖 as a function of pore diameter di was determined by the 247 

IEC-MIP measurements and using Eqs. (2), (3) and (4). The result of the 𝜂𝜂𝑖𝑖-di plots for OPC 248 

paste mixture M4 at 28 days, as a representative, is displayed in Fig. 4. To better understand the 249 

𝜂𝜂𝑖𝑖-di relationship, the pore size distribution from standard MIP test is given as well. There is a 250 

main peak corresponding to the most frequently occurring pore size, namely critical pore 251 

diameter dcr. The connectivity 𝜂𝜂𝑖𝑖 is strongly pore size-dependent, and can simply be divided 252 

into two categories according to the pores above or below the critical pore diameter dcr (Fig. 4). 253 

For each category the change of 𝜂𝜂𝑖𝑖 value is limited, but there is an abruptly drastic drop of the 254 

𝜂𝜂𝑖𝑖 value from the pores below dcr (𝜂𝜂 ≈ 0.75) to the pores above dcr (𝜂𝜂 ≈ 0.35). 255 

In cementitious materials the large pores (diameter d > dcr) are poorly connected and they 256 

can be connected normally through the small pores present in the contact area (see Fig. 1a). In 257 

the early stage of mercury penetration, significant mercury entrapment (ink-bottle effect) is 258 

expected, as evidently reflected by the low connectivity 𝜂𝜂𝑖𝑖 values at d > dcr (Fig. 4). When the 259 

applied pressure corresponding to the critical pores is applied, a percolating network can be 260 

formed among the small pores present in the contact area. Concurrently, nearly all the large pores 261 

are filled with mercury. In this sense, the critical pore diameter dcr represents the maximum 262 

continuous pore size, at which the mercury penetrates the bulk specimen. A further increase of 263 

the pressure results in the mercury to fill the pores below dcr, and the associated ink-bottle pores 264 

belong to the small pores (d < dcr), leading to low mercury entrapment and high connectivity, as 265 

demonstrated by the high 𝜂𝜂𝑖𝑖 values at d < dcr (Fig. 4). 266 

 267 

Figure 4. Two categories of the 𝜂𝜂𝑖𝑖-di plots in OPC paste (by IEC-MIP), according to the pore 268 

diameter di above or below the critical pore diameter dcr, and pore size distribution of the OPC 269 

paste (by standard MIP). 270 

 271 

Fig. 5 shows the 𝜂𝜂𝑖𝑖-di plots for OPC pastes cured under sealed condition from 28 to 370 272 

days. All the curves are present in similar pattern. Regardless of the age, two groups (I and II) of 273 
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the 𝜂𝜂𝑖𝑖-di plots are found, which are separated by the critical pore diameters dcr in the respective 274 

mixtures. There is a sharp decrease in the connectivity 𝜂𝜂𝑖𝑖 value from group I to group II. A 275 

higher age from 28 to 370 days results in a larger ink-bottle effect, reflected by the lower 276 

connectivity 𝜂𝜂𝑖𝑖 in the wide pore size range. This is reasonable against the background of the 277 

microstructural formation. As the progress of cement hydration, the hydration products (C-S-H 278 

and calcium hydroxide) are continuously precipitated. The microstructure becomes denser and 279 

the contact area (Fig. 1a) is enlarged so that connectivity 𝜂𝜂𝑖𝑖 of the large pores (d > dcr) is even 280 

lower. The increased amount of hydrates C-S-H can entrap more small pores, leading to a lower 281 

connectivity 𝜂𝜂𝑖𝑖 at d < dcr. 282 

 283 

Figure 5. 𝜂𝜂𝑖𝑖-di relationship of OPC paste from 28 to 370 days determined by IEC-MIP tests. 284 

 285 

With a higher age from 28 to 370 days, changes of the connectivity 𝜂𝜂𝑖𝑖 of large pores (group 286 

II) are limited while the connectivity 𝜂𝜂𝑖𝑖  of small pores (group I) shows a relatively larger 287 

change. It is well known that the moisture tends to occupy or moves toward to the smaller pore 288 

size in the specimen by following the Kelvin law [45,46]. For specimens under sealed curing 289 

condition, the small pores are considered filled with water while the large pores are filled with 290 

gas. The newly formed products from cement hydration beyond 28 days are more readily to 291 

precipitate in the (water-filled) small pores, rather than in the (gas-filled) large pores. As a 292 

consequence, the packing density of hydrates is higher and the connectivity of the small pores 293 

(inside the clusters of hydrates) becomes lower. A similar finding has been reported previously 294 

by Mehta and Manmohan [47], who studied the evolution of microstructure with age and found 295 

that at early stage the hydration products were formed in large capillary pores, whereas later on 296 

in small capillary pores. 297 

From the results in Figs. 4 and 5, it is concluded that the pores above critical pore diameter 298 

dcr cannot make up a connected network for mass transport while below the dcr the pores can 299 

form interconnected paths allowing mass transport. The small capillary pores in cementitious 300 

materials are not randomly distributed in its entirely, but do impose the following principles: 301 

1) The small capillary pores (above dcr) are highly connected with the large capillary pores.  302 

2) The small capillary pores (below dcr) are mutually interconnected, and they have little 303 

connection with the large capillary pores. These small capillary pores can make up a 304 

percolating pore network for mass transport in the cementitious materials. 305 
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3.1.3 Distribution of connectivity 𝜂𝜂𝑖𝑖 for blended binders 306 

Fig. 6 summarizes the 𝜂𝜂𝑖𝑖-di relationship in the paste specimens made with blended binders 307 

cured after 370 days. As indicated, the conductivity 𝜂𝜂𝑖𝑖 is not so much different for the large 308 

capillary pore group (diameter d > 0.05 μm) and mostly lies in a narrow range of 22~35%, 309 

regardless of the binder type. For small capillary pore group (d < 0.05 μm), however, the 𝜂𝜂𝑖𝑖 310 

value differs significantly in the wide range of 18~80%, depending on the type of binder used. 311 

The inclusion of SCMs, either FA or BFS, results in substantially lower connectivity 𝜂𝜂𝑖𝑖 of small 312 

capillary pores. Besides cement hydration, additional pozzolanic or chemical reactions can take 313 

place in the presence of FA or BFS. C-S-H gels and/or other chemical compounds are produced. 314 

Subsequently, plenty of small capillary pores can be segmented or clogged, resulting in lower 315 

connectivity of the small capillary pores. The connectivity of the fine pores (< 0.02 μm) is 316 

considerably lower in BFS-blended binder MB5 than in FA-blended binder MF5. It is a result of 317 

the higher chemical reactivity of BFS than FA. The addition of LP, in contrast, obviously 318 

increases the connectivity 𝜂𝜂𝑖𝑖 of small capillary pores in view of the 𝜂𝜂𝑖𝑖-di plots between MF5 319 

and MFL5. This results from the dilution effect of LP and thereby the microstructure is 320 

coarsened. 321 

A conclusion can be arrived at that the addition of SCMs primarily results in the 322 

reconstruction of small capillary pores in the cementitious materials. This is of particular interest 323 

so far as the mass transport is concerned. The capability in reducing the pore connectivity 324 

presents an ascending order in the binders as LP < FA < BFS. 325 

 326 

Figure 6. Effect of binder type on the 𝜂𝜂𝑖𝑖-di relationship in paste specimens (w/b = 0.5, 370 327 

days) determined by IEC-MIP tests. 328 

 329 

3.2. Chloride migration coefficient DRCM 330 

The chloride migration coefficient DRCM of mortar specimens was measured following the 331 

rapid migration test method. Fig. 7a presents the results of DRCM for OPC and FA-blended 332 

binders. Between 28 days and 2 years, the DRCM value shows a generally decreasing trend. For 333 

OPC binders a slight increase in the DRCM value can be seen at around 1 year. This is attributable 334 

to the delayed ettringite formation, triggered as a result of alkali leaching out of the mortar 335 

specimens under moist curing circumstances [19,48]. Alkali leaching can lead to reduced pH, 336 
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which is favorable for ettringite precipitation. The sulfate adsorbed in the C-S-H gel can also be 337 

desorbed owing to the reduced pH [49]. The DRCM value again shows a decreasing trend after 2 338 

year, but that a gradual decrease can be expected. For FA-blended binders, the DRCM value at 28 339 

days is much higher than that in the neat OPC binders. However, the DRCM value decreases 340 

significantly from 28 to 105 days. A relatively slow decrease of the DRCM value is followed after 341 

105 days. With the addition of limestone powder (LP) the ternary binder MFL5 has a slightly 342 

lower DRCM than the LP-free binary binder MF5. 343 

Fig. 7b shows the chloride migration coefficient DRCM in the BFS-blended binders. The 344 

DRCM value decreases with age, an expected observation. A pronounced effect of the w/b (0.4, 345 

0.5 and 0.6) on the DRCM value is found at 28 days. Such effect is, however, diminished in view 346 

of the DRCM values for binders MB4, MB5 and MB6 after 105 days. This points to a reasonable 347 

consideration that the overall connectivity 𝜂𝜂p, differing greatly between MB4, MB5 and MB6 348 

as given in Table 2, is inappropriate to indicate the chloride transport property of BFS-blended 349 

binders. Compared to MB5, further incorporation of LP (MBL5) results in an obvious decrease 350 

of the DRCM value in the entire age. Upon closer observation, it is found that the DRCM values of 351 

the BFS-blended binder MB5 are substantially lower than those of the OPC binder M5 but appear 352 

to be similar to those of the FA-blended binder MF5. 353 

 354 

Figure 7. Changes of chloride migration coefficient DRCM with age: (a) OPC and FA-blended 355 

mortars; (b) BFS-blended mortars. 356 

 357 

3.3. Chloride migration coefficient DRCM vs. overall connectivity 𝜂𝜂𝑝𝑝 358 

The roles of the factors including w/b, age and SCMs in the chloride migration coefficient 359 

DRCM are primarily the result of their effects on the pore connectivity characteristics. The overall 360 

connectivity 𝜂𝜂p, a conventionally adopted parameter, has been determined based on standard 361 

MIP tests and using Eq. (5). Fig. 8 depicts the chloride migration coefficient DRCM against the 362 

overall connectivity 𝜂𝜂p for all the mixtures given in Table 1. The DRCM values are taken from 363 

Fig. 7 and the 𝜂𝜂p values from Table 2. The specimens are 28, 105, 182 and 370 days old. All 364 

DRCM vs. 𝜂𝜂p plots, except two (PF5 and PFL5 at 28 days), can be categorized into two groups. 365 

One group is for the specimens with OPC binders, where the DRCM-value increases markedly 366 

with an increase of the overall connectivity 𝜂𝜂p . The other group is for the specimens with 367 
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blended binders, where the change of DRCM-value is limited when the overall connectivity 𝜂𝜂p 368 

increases from around 25% to 58%. A general DRCM-𝜂𝜂p relationship covering all the binders 369 

cannot be obtained. 370 

 371 

Figure 8. Two-group relationship between chloride migration coefficient DRCM and overall 372 

connectivity 𝜂𝜂p for OPC and blended mortars (28~370 days old). 373 

 374 

It can be inferred that the often-adopted concept of overall connectivity 𝜂𝜂p is suitable to 375 

predict the chloride transport property in saturated OPC mortars while, surprisingly, it is not 376 

effective in judging the chloride transport property in saturated blended mortars. A discussion 377 

on this point follows below. 378 

4. Discussion 379 

4.1. Dependence of chloride transport on pore connectivity 380 

4.1.1 Pore structure and transport property: role of small capillary pores 381 

To understand the pore structure-related transport property in saturated porous systems, one 382 

needs to clarify two issues: (i) the pores all over the microstructure need to be subdivided into 383 

one part that contributes to ionic transport and another part that does not; (ii) the connectivity 384 

of the pores that contribute to ionic transport needs to be determined. 385 

Fig. 9 shows a sketch of the microstructure in hydrated cementitious systems. Fig. 10 386 

illustrates the typical pore size distribution curve from standard MIP tests. A choke point 387 

corresponding to the threshold pore diameter dth can be observed. The large capillary pores above 388 

dth show a flat pattern, while there is a steep change for small capillary pores below dth (Fig. 10). 389 

Transport of chloride ions in the large capillary pores can hardly take place until the chloride 390 

ions have penetrated a long percolative chain of intermediate small capillary pores. Different 391 

contributions of various pore categories to chloride transport can be described as follows. 392 

1) The large capillary pores (I: dth < d ≤ 10 μm) are mostly disconnected and have minor 393 

influence on the ionic transport property. A higher volume of the large capillary pores will 394 

result in a higher total porosity, as well as a higher ink-bottle porosity (a lower effective 395 

porosity) and a lower overall connectivity 𝜂𝜂p (Eq. (5)), but will not significantly affect the 396 
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rate of ionic transport. For determinations of the threshold pore diameter dth reference can 397 

be made to the tangent method provided by Liu and Winslow [50]. 398 

2) The small capillary pores (II: 0.01 μm < d ≤ dth) play a major role in the rate of ionic 399 

transport. The connectivity of small capillary pores and its relation to ionic transport will be 400 

quantitatively described in Subsections 4.1.2 and 4.1.3. 401 

3) Ionic transport in the gel pores (III: d ≤ 0.01 μm) is so slow that it is negligible [51,52], 402 

compared to ionic transport in the capillary pores in range II. 403 

 404 

Figure 9. A sketch of the microstructure in hydrated cementitious systems. 405 

 406 

Figure 10. Three pore categories based on MIP-derived pore size distribution. dth - threshold 407 

pore diameter. 408 

 409 

4.1.2 Connectivity of small capillary pores (0.01 μm < d ≤ dth) 410 

Two types of pore geometry of small capillary pores (0.01 μm < d ≤ dth, range II of Fig. 10) 411 

can be distinguished: throat type (volume 𝑉𝑉scth ) and ink-bottle type (volume 𝑉𝑉scink ). The 412 

connectivity of small capillary pores in range II, 𝜂𝜂sc, is expressed as: 413 

𝜂𝜂sc = 𝑉𝑉scth (𝑉𝑉scth + 𝑉𝑉scink)⁄  (7) 

The 𝜂𝜂sc-value of each specimen can be determined based on IEC-MIP tests. To understand 414 

the volume 𝑉𝑉scink of small capillary ink-bottle pores, differentiation between small capillary ink-415 

bottle pores and large capillary ink-bottle pores is required. This can be achieved by studying 416 

the distribution of connectivity 𝜂𝜂 as a function of pore diameter d. Fig. 11 shows an example of 417 

the 𝜂𝜂-d plots measured from the IEC-MIP tests. 418 

1) At dcr ≤ d ≤ dth, mercury penetrates into both small capillary (throat and ink-bottle) pores 419 

and large capillary (ink-bottle) pores (Fig. 9). The ink-bottle effect is large, corresponding 420 

to low connectivity value (𝜂𝜂 ≈ 0.35) (Fig. 11). 421 

2) At 0.01 μm < d ≤ ds,cr, mercury only penetrates into small capillary pores (Fig. 9), including 422 

throat type and ink-bottle type, resulting in small ink-bottle effect and high connectivity 423 
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value (𝜂𝜂 ≈ 0.75) (Fig. 11). The ds,cr is the pore size smaller than, but close to, the critical 424 

pore diameter dcr. 425 

It is not easy to obtain the 𝑉𝑉scink-value directly from mercury intrusion-extrusion cycles at 426 

pore size range II (0.01 μm < d ≤ dth). However, given that the connectivity 𝜂𝜂 value is almost 427 

the same for small capillary pores in the range 0.01 μm < d ≤ ds,cr, it is reasonable to consider 428 

that the connectivity 𝜂𝜂sc of small capillary pores in range II (0.01 μm < d ≤ dth) is equal to the 429 

connectivity 𝜂𝜂s,cr of pores (0.01 μm < d ≤ ds,cr). The 𝜂𝜂s,cr-value is obtainable from mercury 430 

intrusion-extrusion cycles at pore size range 0.01 μm < d ≤ ds,cr, and can be expressed as Eq. (8). 431 

𝜂𝜂sc = 𝜂𝜂s,cr =
𝑉𝑉sth

𝑉𝑉sin
× 100% (8) 

where 𝑉𝑉sth and 𝑉𝑉sin are the cumulative throat pore volume and the cumulative intrusion volume, 432 

respectively, when mercury intrudes the pores with diameters from ds,cr to 0.01 μm. The 𝑉𝑉sth-433 

value can be determined from the pore size distribution obtained by the 2nd pressurization, i.e. 434 

the 2nd intrusion as illustrated in Fig. 3b. The 𝑉𝑉sin-value can be determined from the pore size 435 

distribution obtained by the 1st pressurization, i.e. 1st intrusion as illustrated in Fig. 3b. 436 

Determinations of both 𝑉𝑉sth-value and 𝑉𝑉sin-value are illustrated in Fig. 11. 437 

 438 

Figure 11. Determination of the connectivity 𝜂𝜂sc of small capillary pores (range II: 0.01 μm < 439 

d ≤ dth) in cement paste (w/b = 0.4, 28-day-old). dth – threshold pore diameter; dcr – critical 440 

pore diameter; ds,cr is the pore diameter smaller than, but close to, the critical pore diameter dcr. 441 

 442 

4.1.3 Relationship between chloride migration coefficient and connectivity of small capillary 443 

pores 444 

The connectivity 𝜂𝜂sc  of small capillary pores (range II: 0.01 μm < d ≤ dth) has been 445 

determined with Eq. (8) for various mixtures. By replacing the overall connectivity 𝜂𝜂p with the 446 

connectivity 𝜂𝜂sc  of small capillary pores, the DRCM-𝜂𝜂p  plots shown in Fig. 8 are then 447 

transformed into the DRCM-𝜂𝜂sc plots, as shown in Fig. 12a. For a given mixture the 𝜂𝜂sc value is 448 

generally higher than the 𝜂𝜂p value. A power equation, as formulated in Eq. (9), is found to well 449 

describe the DRCM-𝜂𝜂sc  relationship covering the plots of all OPC and blended binders. The 450 

exponent of 4 suggests that the chloride transport property in saturated mortars significantly 451 
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depends on the connectivity 𝜂𝜂sc of small capillary pores. Fig. 12b gives the relationship between 452 

logDRCM and 𝜂𝜂sc in logarithmic plots. The dependence of chloride ions transport on the 𝜂𝜂sc is 453 

highlighted accordingly. Based on the results given in Fig. 12a, it is clear that compared to the 454 

conventional concept of overall connectivity 𝜂𝜂p (calculated by Eq. (5)), the connectivity 𝜂𝜂sc of 455 

small capillary pores (calculated by Eq. (8)) is a better parameter for indicating the ionic transport 456 

in saturated cementitious materials irrespective of the binder type. 457 

𝐷𝐷RCM = 46.86 ∙ (𝜂𝜂sc)4 (9) 

 458 

Figure 12. (a) Power relationship between chloride migration coefficient 𝐷𝐷RCM and 459 

connectivity 𝜂𝜂sc of small capillary pores (0.01 μm < d ≤ dth), regardless of the binders (OPC 460 

and blends); (b) Relationship between logDRCM and 𝜂𝜂sc in logarithmic plots. 461 

 462 

4.2 Examination of isolated pores 463 

Mercury penetration can measure the open porosity, including continuous pores and dead-464 

end (ink-bottle) pores, but that the isolated pores cannot be filled with mercury. A brief 465 

discussion on the presence of isolated pores in OPC pastes is provided below. 466 

From the reports by Neville [53] and Wong and Buenfeld [54], the total shrinkage of 467 

hardened OPC pastes is very small in comparison to the porosity obtained by mercury 468 

porosimetry. The reduction of porosity with age originates from continuous precipitation of 469 

hydration products. In some cases, the hydration products are densely packed and isolated pores 470 

can be formed inside the clusters of hydration products. Volume transformations of capillary 471 

water to the chemically bound water, as well as to the gel water, account for a main part of the 472 

pore volume reduction in hydrating cement paste. The different types of water phase in cement 473 

paste are illustrated in Fig. 13. Capillary water is the water held in capillary pores. Part of the 474 

capillary water is physically adsorbed on the pore walls. The adsorbed capillary water is hardly 475 

available for cement hydration. The free capillary water, in contrast, can easily be mobilized for 476 

cement hydration. Gel water, also termed interlayer water, refers to the water between C-S-H gel 477 

layers. For complete hydration of the cement, the non-evaporable water amounts to 0.22~0.25 478 

g/g of the anhydrous cement [5]. 479 

 480 
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Figure 13. Illustration of water phases in the cement paste [55]. 481 

 482 

Cement grains react with the free capillary water resulting in a net reduction of the total 483 

volume of water and solid. The capillary water (specific volume = 1 cm3/g) can be partly 484 

transformed into chemically bound water (specific volume = 0.72 cm3/g) [56]. Subsequently, the 485 

originally water filled space (i.e. initial porosity 𝜙𝜙0) is gradually occupied by solid phases. 486 

Reaction of 1 g capillary water into chemically bound water can result in a reduction of the pore 487 

volume of 0.72 cm3. In accordance to Powers’ model [55], 1 g reacted cement products contain 488 

around 0.19 g gel water. The gel water is highly compressed, with a specific volume of 0.9 cm3/g 489 

[56]. For the same amount of water by weight, the volume of gel water is less than that of 490 

capillary water by around 10%. 491 

The presence of isolated pores can be analyzed roughly by tracing changes of the total open 492 

porosity 𝜙𝜙t with cement hydration. The initial porosity 𝜙𝜙0 (age t = 0), with the air voids not 493 

considered, can be computed as: 494 

𝜙𝜙0 =
𝑤𝑤 𝑏𝑏⁄

𝑤𝑤 𝑏𝑏⁄ + 𝑚𝑚b 𝜌𝜌b⁄ + 𝑚𝑚c 𝜌𝜌c⁄  (10) 

where w/b is the water-binder-ratio; mc and mb are the mass percentage of Portland cement and 495 

blended cement, respectively; 𝜌𝜌c  and 𝜌𝜌b  are the specific gravity of Portland cement and 496 

blended cement, respectively. For pure Portland cement pastes, mb = 0.  497 

Table 3 shows the initial porosity 𝜙𝜙0 of various paste mixtures calculated with Eq. (10). 498 

The w/b greatly influences the initial porosity 𝜙𝜙0. Increasing 0.1 of the w/b results in the initial 499 

porosity 𝜙𝜙0 to increase by about 5%. 500 

 501 

Table 3. Initial porosity 𝜙𝜙0 of paste specimens according to Eq. (10). 502 

 503 

Changes of the total open porosity 𝜙𝜙t with hydration period t, ∆𝜙𝜙(𝑡𝑡) = 𝜙𝜙0 − 𝜙𝜙t, were 504 

determined, with the 𝜙𝜙t  value obtained from mercury porosimetry measurements. Fig. 14 505 

shows the evolution of the ∆𝜙𝜙(𝑡𝑡) value with age for OPC and BFS-blended pastes with w/b of 506 

0.4, 0.5 and 0.6. As expected, a rise trend in the ∆𝜙𝜙(𝑡𝑡) value is observed for a higher age. This 507 

is attributed to the continuous precipitation of hydration products. Of particular interest to note 508 

is that the ∆𝜙𝜙(𝑡𝑡) value is higher in the OPC paste with low w/b = 0.4 (M4) than that with high 509 
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w/b (M6) at all ages. Precipitation of solid hydrates and formation of isolated pores are the two 510 

main reasons leading to changes of the ∆𝜙𝜙(𝑡𝑡) value. It is well known that increasing the w/b 511 

can accelerate the cement hydration and more hydration products will be created [57,58]. Then 512 

the higher ∆𝜙𝜙(𝑡𝑡) value in M4 should be most possibly owing to the fact that more isolated pores 513 

have been formed in M4 than in M6, assuming that other conditions are the same between the 514 

two. These isolated pores were not included in the total open porosity 𝜙𝜙t  as measured by 515 

mercury porosimetry. The similar finding holds also for the BFS-blended pastes. In the first 182 516 

days, the ∆𝜙𝜙(𝑡𝑡) values are obviously higher in MB4 (BFS, w/b = 0.4) than those in MB5 (BFS, 517 

w/b = 0.5) and MB6 (BFS, w/b = 0.6).  518 

As analyzed above, more isolated pores are formed in the mixtures with low w/b of 0.4. At 519 

28 days, the ∆𝜙𝜙(𝑡𝑡) value is 1.9% larger in M4 than in M6, suggesting that the porosity of 520 

isolated pores should be at least 1.9% for OPC paste M4 (w/b = 0.4). Likewise, the porosity of 521 

isolated pores is calculated to be at least 4.1% for BFS-blended paste MB4 (w/b = 0.4) at 28 522 

days. The BFS reacts with the calcium hydroxide and transforms into the secondary C-S-H, 523 

whereby more small pores can be entrapped and turn into isolated pores. This may be the reason 524 

for the higher volume of isolated pores in MB4 than in M4. 525 

 526 

Figure 14. Open porosity change (∆𝜙𝜙(𝑡𝑡) = 𝜙𝜙0 − 𝜙𝜙t ) with age for OPC and BFS-blended 527 

pastes with w/b of 0.4, 0.5 and 0.6. 𝜙𝜙0 is the initial porosity according to Eq. (10) and 𝜙𝜙t is 528 

the total open porosity by mercury porosimetry measurements. 529 

 530 

5. Conclusions 531 

An innovative measurement, i.e. intrusion-extrusion cyclic mercury porosimetry (IEC-532 

MIP), has been introduced. Compared to standard MIP tests, the IEC-MIP tests enable to obtain 533 

a much clearer picture of the pore connectivity at different scales and provide evident basis for 534 

studies of mass transport in saturated cementitious materials as estimated by rapid chloride 535 

migration tests. According to experimental studies of this work, the key findings are outlined as 536 

follows. 537 

1) The connectivity η of the pores in cementitious materials strongly depends on the pore 538 

diameter d. For OPC binders, an abruptly drastic drop of the connectivity η is found from 539 

small pore group (d < critical pore diameter dcr) to large pore group (d > dcr). 540 
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2) For OPC binders the small capillary pores are highly interconnected and mostly present as 541 

continuous pores. Incorporation of supplementary cementitious materials results in a 542 

significant reconstruction of the small capillary pores. The connectivity of the pores below 543 

0.05 μm is substantially decreased by the addition of slag or fly ash while increased by 544 

including limestone powder. 545 

3) For OPC binders a higher overall connectivity 𝜂𝜂p  leads to a higher chloride migration 546 

coefficient DRCM. This finding, however, does not hold for binders blended with fly ash or 547 

slag. 548 

4) A novel transport parameter, connectivity 𝜂𝜂sc  of small capillary pores (0.01 μm < d ≤ 549 

threshold pore diameter dth), is put forward. A power DRCM-𝜂𝜂sc relationship is established 550 

covering all the binders (OPC, slag, fly ash and limestone powder). 551 
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Figures 699 

 700 

 701 

 
(a) 

 
(b) 

Figure 1. (a) Hydration cell of two cement grains; (b) Pore geometry for (i) continuous pore, 702 

(ii) dead-end (ink-bottle) pore and (iii) isolated pore. 703 

 704 

 705 

 706 

 707 

Figure 2. Mercury intrusion-extrusion hysteresis in a pore system with a throat pore connecting 708 

an ink-bottle pore. 709 

  710 
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(a) 

 
(b) 

Figure 3. (a) Test sequence of intrusion-extrusion cyclic mercury porosimetry (IEC-MIP): from 711 

step (i-1) to step i, the cumulative intrusion volume increases from 𝑉𝑉𝑖𝑖−1cin to 𝑉𝑉𝑖𝑖cin and the 712 

cumulative ink-bottle volume increases from 𝑉𝑉𝑖𝑖−1cink to 𝑉𝑉𝑖𝑖cink; (b) Standard mercury intrusion 713 

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

an extrusion from the maximum to the minimum pressure, and the 2nd intrusion. 715 

 716 

 717 

 718 

Figure 4. Two categories of the 𝜂𝜂𝑖𝑖-di plots in OPC paste (by IEC-MIP), according to the pore 719 

diameter di above or below the critical pore diameter dcr, and pore size distribution of the OPC 720 

paste (by standard MIP). 721 

  722 
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 723 

Figure 5. 𝜂𝜂𝑖𝑖-di relationship of OPC paste from 28 to 370 days determined by IEC-MIP tests. 724 

 725 

 726 

 727 

Figure 6. Effect of binder type on the 𝜂𝜂𝑖𝑖-di relationship in paste specimens (w/b = 0.5, 370 728 

days) determined by IEC-MIP tests. 729 

  730 
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(a) 

 
(b) 

Figure 7. Changes of chloride migration coefficient DRCM with age: (a) OPC and FA-blended 731 

mortars; (b) BFS-blended mortars. 732 

 733 

 734 

 735 

Figure 8. Two-group relationship between chloride migration coefficient DRCM and overall 736 

connectivity 𝜂𝜂p for OPC and blended mortars (28~370 days old). 737 

 738 

 739 
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 740 

Figure 9. A sketch of the microstructure in hydrated cementitious systems. 741 

 742 

 743 

 744 

Figure 10. Three pore categories based on MIP-derived pore size distribution. dth - threshold 745 

pore diameter. 746 

 747 
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 748 

Figure 11. Determination of the connectivity 𝜂𝜂sc of small capillary pores (range II: 0.01 μm < 749 

d ≤ dth) in cement paste (w/b = 0.4, 28-day-old). dth – threshold pore diameter; dcr – critical 750 

pore diameter; ds,cr is the pore diameter smaller than, but close to, the critical pore diameter dcr. 751 

 752 

  753 
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 754 

 755 
(a) 756 

 757 
(b) 758 

Figure 12. (a) Power relationship between chloride migration coefficient 𝐷𝐷RCM and 759 

connectivity 𝜂𝜂sc of small capillary pores (0.01 μm < d ≤ dth), regardless of the binders (OPC 760 

and blends); (b) Relationship between logDRCM and 𝜂𝜂sc in logarithmic plots. 761 

 762 



 31 of 33 

 

 763 

Figure 13. Illustration of water phases in the cement paste [55]. 764 

 765 

 766 

 767 

Figure 14. Open porosity change (∆𝜙𝜙(𝑡𝑡) = 𝜙𝜙0 − 𝜙𝜙t ) with age for OPC and BFS-blended 768 

pastes with w/b of 0.4, 0.5 and 0.6. 𝜙𝜙0 is the initial porosity according to Eq. (10) and 𝜙𝜙t is 769 

the total open porosity by mercury porosimetry measurements.  770 
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Tables 771 

 772 

 773 

Table 1. Mix proportions for paste and mortar samples (weight percentage) with ordinary 774 

Portland cement (OPC), fly ash (FA), ground granulated blast furnace slag (BFS) and 775 

limestone powder (LP). 776 

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%   

MFL5 0.5 65% 30%  5% 

MB4 0.4 30%  70%  

MB5 0.5 30%  70%  

MB6 0.6 30%  70%  

MBL5 0.5 25%  70% 5% 

 777 

 778 

Table 2. Overall connectivity 𝜂𝜂p of paste mixtures obtained by standard MIP tests. 779 

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% 

MFL5 61.7% 57.7% 55.2% 55.1% 

MB4 34.8% 26.1% 25.9% 25.3% 

MB5 45.0% 39.7% 38.8% 37.3% 

MB6 48.6% 41.8% 40.8% 40.7% 

MBL5 56.0% 54.9% 54.6% 54.4% 

 780 

 781 
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Table 3. Initial porosity 𝜙𝜙0 of paste mixtures according to Eq. (10). 782 

Mixtures M4 M5 M6 MF5 MFL5 MB4 MB5 MB6 MBL5 

𝜙𝜙0 55.5% 61.0% 65.2% 58.3% 58.3% 54.1% 59.5% 63.8% 59.5% 

 783 
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