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ABSTRACT 14 
   15 
Depending on its hydraulic activity, the use of Granulated Blast Furnace Slag (GBFS) in 16 

cementitious materials contributes to improve their durability performances. In this paper, 17 

a low reactive Granulated Blast Furnace Slag with is used in modifying mortar 18 

composition. Some durability properties of mixes containing 0, 30 and 50% of slag as 19 

substitution to OPC are studied. Diffusion and conduction of chlorides at long term are 20 

analyzed with different initial wet curing periods. Microstructure of mortars after 360 days 21 

of diffusion is observed by means of Mercury Intrusion Porosimetry. The oxygen 22 

permeability is analysed at 90 and 360 days of wet curing. The results indicate good 23 

performances to chloride diffusion of the mortars with GBFS, especially for a prolonged 24 

wet curing. Moreover, the GBFS are inefficient for oxygen permeability at 90 days but 25 

they however allow a decreasing over long term. 26 

 Keywords: Environment, mortar, granulated blast furnace slag, mercury intrusion 27 
porosity, oxygen permeability, chloride diffusion, conduction.  28 

Highlights: 29 

- Mortars with GBFS show the greatest resistance to chloride ion diffusion and a 30 

good linear correlation is found between the diffusion coefficient and total charge. 31 

- The initial period of wet curing influences the resistance to chloride diffusion of 32 

mortars with GBFS.  33 
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- At long term, oxygen permeability of mortars with GBFS is improved compared to 34 

the OPC mortars. 35 

- After 360 days of maturation, a densification of mortars with GBFS microstructure 36 

is observed even after diffusion test. 37 
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Introduction 45 

The use of granulated blast furnace slag (GBFS) as a cement additive contributes to 46 

increase cement production and improve its technical performances while preserving the 47 

environment. However, the steel industry produces a very variable quality of slags in terms 48 

of chemical composition and glass contents, which directly affects the hydraulic activity of 49 

slag [1,2]. When mixed with the clinker, the slag reacts with the calcium hydroxide and 50 

forms additional hydrated and this leads to an improvement in the chemical resistance and 51 

microstructure [3,4].  52 

Moreover, in literature, several studies report a considerable improvement in transport 53 

properties (capillary absorption, permeability and diffusion) of mortars and concretes 54 

based on GBFS binder [6-8]. However, this highly depends on the hydration of the slag 55 

and consequently on its hydraulic activity. 56 

The durability properties and microstructure of matrices based on cements slag are 57 

significantly influenced by the curing conditions (relative humidity and temperature), 58 

especially if the slag is slightly reactive. Ortega J.M. et al [9] observed a significant 59 

decrease of capillary absorption and chlorides diffusion of CEM III type mortars with 60 

prolonged high relative humidity curing. This was attributed to the minimizing drying 61 
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action and the improvement of water availability for clinker-slag hydration reactions. In 62 

another study [10], the same researchers studied the effect of different curing environments 63 

(Atlantic and Mediterranean climates) on the chlorides migration in CEM III and OPC 64 

mortars. The results showed a good performance regarding chloride ingress resistance in 65 

CEM III even in the non-optimal cure environments studied, after an enough maturing 66 

time. 67 

Several studies have shown higher performances of cement slag mixtures against chloride 68 

attack with regard to OPC based mixtures [11-14]. By testing concrete blocks exposed in a 69 

natural marine site, Abd El Fattah [15] et al showed a good influence of the slag on 70 

chloride penetration and corrosion mitigation. This is often attributed to the improved 71 

chlorides binding capacity of hydrates [16]. Florea and Brouwers [17] found that CSH and 72 

CAH hydration phases are responsible for about two-thirds of fixing of chloride ions in 73 

matrix of cement slag mixtures. However, this binding capacity remains sensitive to the 74 

slag composition and to maturity degree. 75 

Natural diffusion test inducing only gradients concentration, even if it is a laborious test, is 76 

generally considered to represent the penetration mechanism of chloride ions in concrete 77 

with most precision under real conditions of exposure [18]. The ASTM C1202 Conduction 78 

Test [19] is commonly used as accelerated test: although it does not yield a diffusion 79 

coefficient, it has the advantage of being fast and giving a good indication of 80 

chlorides diffusion. However, to see its effectiveness, it is always interesting to quantify 81 

the correlation between conduction and natural diffusion of chlorides, in particular in the 82 

case of unconventional binder. 83 

In a previous study [20], we examined the microstructure and some durability aspects of 84 

mortars containing up to 50% of GBFS with low reactivity index. The results indicated 85 

finer porosity and lower water absorption for mortars with GBFS at old ages (90 and 360 86 
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days). Moreover, after 90 days of wet curing and 270 days of chloride diffusion, lower 87 

diffusion coefficient has been observed for 50% slag substitution level. The present work is 88 

a continuity of this previous research and thus, the effect of the wet curing before the 89 

diffusion test (90 and 180 days) is presently studied, in comparison to the previous work 90 

when only 90-day period was considered. Moreover, the chlorides conduction and the 91 

study of the pores distribution of the matrices after diffusion are also studied. And finally, 92 

oxygen permeability has been recorded as additional durability index. 93 

2. Experimental program 94 

2.1 Materials  95 

In this study, Ordinary Portland Cement (OPC) type CEM I 52.5 N with a fineness of 4200 96 

cm²/g was used for mortar mixes. Algerian Granulated Blast Furnace Slag (GBFS) was 97 

used in this work. It was ground in a laboratory mill to a Blaine fineness of 4150 cm²/g. A 98 

broad characterization of this slag was carried out in previous studies [3, 20] which showed 99 

its low rate of alumina and magnesia contents as well as its low hydraulic reactivity. The 100 

chemical composition of cement and slag are given in Table 1. Standardized sand with 101 

maximum particle size of 2 mm was used for mortars mixes.  102 

2.2 Mixtures properties and curing procedures   103 

The mortar mixes (M0, M30 and M50) have a Sand to Binder ratio of 3:1 and 104 

Water/Binder (W/B) ratio of 0.5. The binder for mortar M0, M30 and M50, was obtained 105 

by partial substitution of cement with 0, 30 and 50% of slag, respectively. Substitution was 106 

made by mass of cement. Mortars specimens were cast according to European Standard 107 

EN 196-1 [21. They were demoulded after 24 h and cured in moist room at 20 ± 2°C and 108 

more than 95% relative humidity until the age of testing. Properties (compressive strength 109 

and water water absorption by immersion PW) of hardened mortars with and without GBFS 110 

are shown in table 2 [20.  111 
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2.3 Test procedures   112 

2.3.1 Chloride permeability tests  113 

2.3.1.1 Steady state diffusion test 114 

Rates of diffusion of Cl   ions into mortars are monitored using two compartment diffusion 115 

cells. 8 mm thick mortar blocks are sawed from 80 mm diameter specimens and stored in 116 

Ca(OH)2 saturated solution. Prior to the test, each specimen is polished with 600-grade 117 

emery paper, rinsed with deionised water and surface dried with a tissue before being fitted 118 

into the diffusion cell (Fig. 1). After fitting with epoxy resin and sealing with silicon paste, 119 

the cells are filled at one side with Ca(OH)2 solution and at the other side with 1 Mole 120 

NaCl in a saturated Ca(OH)2 solution [20.  At periodic intervals, chloride concentration is 121 

determined by potentiometric titration from a 10 ml sample of the solution in cell 2. The 122 

occurrence time (breakthrough time) was calculated from the intercept of the concentration 123 

versus time date (minimum rate of 30 mg/l of Cl  ions is reached in the cell 2). The 124 

effective diffusion coefficient is calculated, when the steady state is reached, according 125 

equation 1 (in m²/s). 126 

                               127 

                                                              128 (1)  

 129 

With C/t: an increase of chloride concentration in cell 1, C1 and C2: chloride 130 

concentrations of cells 1 and 2, A: section of mortar slices, e: thickness of mortar slices and 131 

V1: volume of cell 1. 132 

The diffusion test was carried out on two sets of mortars preserved before the test during 133 

90 and 180 days of wet curing. At 360 days of diffusion, samples of mortar were taken and 134 

Mercury Intrusion Porosimetry tests were carried out. 135 

2.3.1.2 Conduction test 136 
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 The specimens of 96 mm diameter and 50 mm thick are conditioned by achieving vacuum 137 

pressure on the dry specimen and maintaining for 3 h, vacuum saturation for a period of 1 138 

h after adding de-aerated water, and further soaking under water for a period of 18 h. The 139 

specimens were kept in a moist curing (95% RH, 20°C) environment during 90 and 180 140 

days before performing the chloride conduction test (the rapid chloride permeability test), 141 

according to ASTM C 1202-94 standard [19]. 142 

2.3.2 Mercury Intrusion Porosimetry  143 

In order to analyze pore size distribution, the different mortars have been examined by 144 

Mercury Intrusion Porosimetry (MIP). This test was carried out on two series of samples: 145 

- Samples kept for 360 days of wet curing, 146 

- Samples taken after 360 days of chloride diffusion. 147 

For each mortar, three samples were tested. The measuring instrument used is a Pascal 240 148 

porosimeter. The increasing step of pressure was fixed to 200 MPa, allowing investigation 149 

of pore radius from 7.5 µm to 3.7 nm. The test was performed on approximately 2 cm3 150 

mortar samples after drying at 50°C and in presence of silica gel until constant mass. 151 

2.3.3 Oxygen permeability test 152 

Oxygen permeability is determined on cored cylindrical mortar specimens (diameter 80 153 

mm and height 40 mm) and ground on both sides. After maturation period (90 and 360 154 

days), samples are dried in a ventilated oven for a minimum of 7 days at 45 °C 155 

until  constant mass (less than 0.1% mass change in 24 h). The method used in this test is 156 

that known as "CEMBUREAU" [22].The test consists in subjecting the specimen to a 157 

constant pressure gradient and measuring the gas flow time in steady state through sample. 158 

Equation 2 allows calculating the permeability coefficient K for a given pressure Po. In 159 

this test, the absolute pressures applied to the samples are 1.6, 1.9 and 2.2 bars, 160 

respectively. 161 
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Where Pa: atmospheric pressure, Q: volumetric flow rate, µ: dynamic viscosity of oxygen, 163 

H: thickness and Ф: diameter  164 

3. Results and discussions  165 

3.1 Chloride permeability 166 

3.1.1 Steady state diffusion 167 

The evolution of chloride diffusion has been measured during 360 days for mortars with 168 

and without GBFS, after 90 and 180 days of wet curing. Fig. 2 shows the evolution of the 169 

concentration of chloride ions in cell 2 versus time for the three mortars studied. The 170 

results showed a high diffusion rate for the OPC mortar in comparison to mortars with 171 

GBFS, for a tow initial cure period: for mortar with initial wet curing period of 90 days and 172 

after 360 days of diffusion, the concentration chloride reaches about 1400 mg/l for M0 173 

compared to 520 mg/l and 70 mg/l for M30 and M50, respectively.  174 

The effective diffusion coefficients and breakthrough times are presented in table 3. For 90 175 

days initial curing, the diffusion of chloride ions through OPC mortar specimens is 176 

observed after only 45 days with an effective diffusion coefficient of 2.96 ×10-10 m²/s. The 177 

mortars with GBFS showed smaller chloride permeability. In fact, the breakthrough time is 178 

73 and 220 days for M30 and M50, respectively and in comparison to OPC mortar, it 179 

represents a reduction of 60% and 93%, respectively.   180 

The results of the pore size distribution for the three types of mortars at 360 days of 181 

maturation in wet curing are shown in Fig. 3 and the same results for 90 days wet curing 182 

followed by 360 days of chloride diffusion test are shown in Fig.4. Medium radius pore 183 

(rm) and threshold pore access radius (rt) of mortars are presented in Table 4. 184 
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The results presented in fig. 3 show similar pore geometrical characteristics (rm and rt) for 185 

M0 and M30 mortars, even if the M30 develops a more refined pore network (especially 186 

for the fraction with a diameter less than 50 nm). The porous structure of the M50 mortar is 187 

narrower. A decrease of 11% in average radius and 12.5% of threshold radius compared to 188 

the control mortar was recorded. This variation in microstructure may explain the 189 

performance to chlorides diffusion of mortars with GBFS. In our case, it should be noted 190 

that the presence of chloride ions in cement matrix of mortars did not too much influenced 191 

the development of the microstructure of the mortars with GBFS. In fact, the densification 192 

of mortars with GBFS microstructure, in particular M50, was as well observed in the 193 

mortars subjected to chloride diffusion as for those which were conserved in wet curing 194 

(Fig. 3, 4 and Table 4). The distribution of pores between 7 and 50 nm is more important 195 

for M30 and M50 mortars. This range is mainly attributed to the fine capillary porosity and 196 

the inter-crystallite porosity [5,23]. During hydration of GBFS, the pozzolanic reaction 197 

consumes the Ca(OH)2 of the cementitious matrix and leads in the formation of secondary 198 

CSH gel indicated to be very effective in filling the capillary pores in matrix [24].  199 

The improvement in diffusion is also attributed to the binding capacity by adsorption of 200 

diffusing chlorides of the hydrates of slag (CSH and CAH) present in the pore walls and 201 

offering a high specific surface [25-27]: Luoa et al [14] already observed an increase in 202 

physical chlorides binding when cement was partially substituted by slag.  203 

In our study, it should be noted that mortars have fairly large wet curing period of 90 or 204 

180 days before being placed in diffusion cells. This cure conditions and the long test 205 

period favours continuous hydration of slag allowing the densification of the matrix and 206 

possibly the chloride binding capacity of slag hydrates. 207 

 208 



 9

3.1.1.1 Influence of moist cure 209 

The increase in curing time before test (from 90 to 180 days) led to an improvement 210 

in the resistance to chloride penetration of mortars with GBFS (M30 and M50) but not of 211 

the reference mortar M0. This improvement is shown through an extension of time of 212 

passage of Cl- ions as well as a reduction of the diffusion coefficient. 213 

Indeed, for M0 mortar, the difference in chlorides concentration remains small variable 214 

(less than 10%) between the two initial cure cycles (90 and 180 days) at any age of the test, 215 

up to 360 days (Fig.2). This variation is translated by 7 days increase in breakthrough time 216 

and 6% decrease in diffusion coefficient (Table 3). On the other side, for M30 mortar, 217 

there was a significant reduction in the chlorides concentration in the cell 2, in order of 50, 218 

47 and 43% after 90, 180 and 360 days diffusion. The breakthrough time has thus 219 

increased from 73 to 91 days, which corresponds to an increase of 25%. At the same time, 220 

a reduction of about 43% of the diffusion coefficient was recorded. After 180 days of wet 221 

curing and 360 days of diffusion, no chloride appearance was detected in cell 2 for M50, 222 

which did not allowed measuring the breakthrough time and the diffusion coefficient. This 223 

shows a particularly high resistance to chloride penetration for M50 mortar. 224 

3.1.1 Chloride conduction 225 

The results of chloride ions conduction test (ASTM accelerated test) are presented 226 

for mortars with and without slag at 90 and 180 days in fig. 5. 227 

A proportional decrease in the total charge Q with the rate of substitution is recorded at 90 228 

as at 180 days. Several research studies [24, 28-30] have shown a low conduction of 229 

chloride ions of concretes with GBFS, especially for high substitution rates (greater than 230 

50%). The increase in curing period led to a decrease in the charge Q of 27 and 28% for 231 

M30 and M50 mortars with GBFS, respectively. For M0, the decrease is negligible (2%). 232 

Comparing these results with those of steady-state diffusion, we observe a similar 233 
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variation, even if the results with M50 mortar at 180 days curing could not be compared 234 

because of its low diffusion. However, its low Q value (665 Coulomb) reflects its low 235 

diffusion observed under steady-state test (fig. 2). 236 

The fig. 6 present the relationship between the results of diffusion test (diffusion 237 

coefficients) and conduction test (total charge Q) of mortars with and without slag at 90 238 

and 180 days of wet curing. A very good linear correlation (R² = 0.99) shows a decrease of 239 

the total charge with the decrease of diffusion coefficient. 240 

3.2 Oxygen permeability  241 

The oxygen permeability results of M0, M30 and M50 mortars at medium (90 days) and 242 

long terms (360 days) are shown in fig. 7. At 90 days, the lowest permeability is recorded 243 

for M0 mortar. At this time, the permeability of mortar with 30% GBFS is slightly higher 244 

than that of the control mortar (but the values remain comparable). The M50 recorded a 245 

permeability increase of 32% compared to the mortar without addition. In long term (360 246 

days), a different variation is observed. Indeed, the trend has reversed and a decrease in the 247 

permeability with the increase of slag rate is observed. The mortars M30 and M50 showed 248 

respectively a decrease of 21 and 31% compared with the control mortar. 249 

This variation can be directly related to the refinement of porosity and the densification of 250 

matrix due to the formation of additional CSH resulting from the slag hydration following 251 

its activation by calcium hydroxide (CaOH2), in particular at long term [20]. The 252 

maturation period of 90 days was not sufficient for a good hydration of this poor reactive 253 

GBFS and did not allow the microstructure to be sufficiently developed for the 254 

improvement of the permeability of mortars. However, for slags with good hydraulic 255 

reactivity, a better permeability performance of concretes is reported at 28 and 90 days 256 

[6,31]. In our case, the beneficial effect was observed only at 360 days. This proves both 257 
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the low reactivity of the slag studied and the importance of the wet curing for improving 258 

the durability of slag concretes. 259 

4. Conclusion 260 

The main conclusions to be drawn from the present experimental investigations are as 261 

following: 262 

 Chloride diffusion was studied by means of natural diffusion test during 360 days 263 

after two initial curing periods (90 and 180 days). After 90 days initial wet curing, 264 

in comparison with the control mortar, 30% of GBFS reduces the breakthrough 265 

time, but no apparent difference was observed in the diffusion coefficient. 266 

However, 50% slag leads to a very significant reduction in the breakthrough time 267 

and diffusion coefficient. The increase of the initial cure period leads to a 268 

systematic reduction of the diffusion in mortars with GBFS. The performances of 269 

the reference mortar was not influenced by the curing period; 270 

 The observation of the microstructure after 360 days shows that mortars with GBFS 271 

develop refined pore network which is consisting essentially with fraction pores of 272 

radius less than 50 nm reflecting a densification of microstructure. Moreover, the 273 

presence of chloride ions in matrix did not too much influence the development of 274 

microstructure of the mortars with GBFS;    275 

 Low chloride conduction is observed for mortars with GBFS compared with the 276 

OPC based mortar. Conduction test results show a similar trend to those of the 277 

steady-state diffusion test. A very good linear correlation is obtained between total 278 

charge Q and diffusion coefficient; 279 
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 At 90 days, while a substitution rate of 50% slag leads to an increase in oxygen 280 

permeability, the 30% slag rate affects it only slightly. On the contrary, at long term 281 

(360 days) mortars with GBFS are less permeable to oxygen. 282 

  283 
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 400 

 401 

Table 1: Chemical composition of cement and slag  402 

 
SiO2 CaO Al2O3 MgO Fe2O3 Free CaO SO3 Loss of  

ignition 
Na2O K2O Insoluble 

residue 

OPC 18.4 61.3 5.6 0.9 3.8 0.20 3.3 2.2 0.42 0.78 0.50 

GBFS 41.2 42.84 9.19 2.12 3.44 - 0.15 0.2 0.10 0.70 - 

 403 
 404 
 405 
 406 
 407 
 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
 425 
 426 
 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
 438 
 439 
 440 
 441 
 442 
 443 
 444 
 445 
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 446 
 447 
Table 2: Compressive strength, water absorption by immersion PW of mortar with and 448 

without GBFS 449 

 450 
 451 
 452 
 453 
 454 
 455 
 456 
 457 
 458 
 459 
 460 

 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

 473 

 474 

 475 

 476 

 477 

 478 

  
Compressive 

strength (MPa) 
 

Water absorption by 
immersion PW (%) 

 
 

Mortars 
Slag  
(%) 

 
90 

days 
360 

Days 
 
 

90 
Days 

360 
Days 

 

M0 0 

 

68.6 76.0  15.99 15.72  

M30 30 67.2 74.5  17.10 16.76  

M50 50 55.7 67.5  18.31 17.90  
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 479 

 480 

 481 

 482 

 483 

 484 

 485 

          486 

Table 3: Chloride diffusion rate for mortars 487 

 488 
 489 
 490 
 491 
 492 
 493 
 494 
 495 
 496 
 497 
 498 
 499 
 500 
 501 
 502 
 503 
 504 
 505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
 514 
 515 
 516 
 517 
 518 
 519 
 520 
 521 
 522 
 523 
 524 
 525 

Mortars Breakthrough time (days) 
Effective diffusion 
coefficient (m²/s) 

 
90 days 

 moist curing 
180 days 

 moist curing 
90 days 

 moist curing 
180 days 

 moist curing 

M0 45 52 2.96 x10-10 2.78 x10-10 

M30 73 91 1.19 x10-10 0.67 x10-10 

M50 220 * 0.22x10-10 ** 

* No appearance of chloride in the cell 2 
** Steady state not reached 
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 526 
 527 
 528 
 529 
 530 
 531 
 532 
 533 
 534 
 535 
 536 
 537 
Table 4: Pore network characteristics of mortar with and without GBFS after 360 days of 538 

moist curing and after 360 days of diffusion test: threshold pore access radius (rt) 539 

and medium pore radius (rm) 540 

 541 
 542 
 543 
 544 
 545 
 546 
 547 
 548 
 549 

 550 

 551 
 552 
 553 
 554 
 555 
 556 
 557 
 558 
 559 
 560 
 561 
 562 
 563 
 564 
 565 
 566 
 567 
 568 
 569 
 570 
 571 
 572 
 573 

 After 360 days moist 
curing 

After 360 days of 
diffusion test  

 rt (nm) rm (nm) rt (nm) rm (nm) 
M0 31.5 30.5 28 27.3 
M30 30.0 28.0 29 27 
M50 28.0 25.3 24.5 24.1 
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Figures Captions 574 
 575 
Fig. 1: Experimental setup of diffusion cells. 576 

Fig. 2: Chloride diffusion rate for mortars with GBFS after 90 days (a) and 180 days (b) of 577 
moist curing 578 

Fig. 3: Distribution of capillary pore radius for different mortars after 360 days moist 579 

curing 580 

Fig. 4: Distribution of capillary pore radius for different mortars after 360 days chloride 581 

diffusion 582 

Fig 5: Chloride conduction for mortars with GBFS after 90 and 180 days of moist curing 583 

Fig. 6: Correlation between chloride diffusion coefficient and total charge Q 584 

Fig. 7: Oxygen permeability for mortars with GBFS after 90 and 360 days of moist curing 585 
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Fig. 1: Experimental setup of diffusion cells. 613 
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Fig. 2: Chloride diffusion rate for mortars with GBFS after 90 days (a) and 180 days (b) of moist 637 
curing 638 
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 652 

 653 

 654 
Fig. 3: Distribution of capillary pore radius for different mortars after 360 days moist curing 655 
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 674 

 675 

Fig. 4: Distribution of capillary pore radius for different mortars after 360 days chloride diffusion 676 
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 688 

Fig 5: Chloride conduction for mortars with GBFS after 90 and 180 days of moist curing 689 
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Fig. 6: Correlation between chloride diffusion coefficient and total charge Q 703 
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 717 

Fig. 7: Oxygen permeability for mortars with GBFS after 90 and 360 days of moist curing 718 
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