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Abstract. Capillary imbibition is a transport phenomenon occurring in concrete structures exposed to 
weathering, frequently in direct connection with the resistance against different deterioration 
processes. This property depends on the volume and connectivity of pores. For ground granulated 
blast-furnace slag (GGBFS) and fly ash blended concrete mixes, the pore refining action of these 
supplementary cementitious materials plays a positive role in the disconnection of the capillary 
porosity and consequent reduction of the capillary imbibition rate. Moreover, for this particular 
transport process, primary and secondary transport rates can be defined in connection with different 
driving mechanisms. This allows a complementary description of the pore structure of concrete. In this 
paper, blended concrete mixes were prepared by substituting 20, 40 and 60 % of OPC by GGBFS, and 
20, 30 and 40 % of OPC by fly ash. The pore structure of these concretes is assessed by water 
absorption under vacuum and mercury intrusion porosimetry after curing periods of 28 and 90 days. 
Long-term capillary imbibition tests were also performed and primary and secondary imbibition rates 
are computed by a novel approach that considers their linear evolution with the fourth root of time. 
Results show the refinement action of GGBFS and fly ash by a softening in the transition stage 
between the primary and secondary imbibition periods. A low water flow rate is consequently 
correlated with the increased tortuosity of samples.  
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1 Introduction 
Sorptivity is a widely used durability index of concrete. The quantification of the rate of water 
imbibition by capillarity in concrete describes the pore connectivity of cementitious materials. 
Previous work has shown that primary and secondary imbibition rates can be used for 
describing the pore structure on the basis of their corresponding driving mechanism.  

The most usual assessment method considers the relation between water uptake and the 
square root of time, but it faces the significant difficulty of the lack of linearity of this 
relationship for the case of cementitious materials. This is usually referred as anomalous 
sorptivity (Hall, 2007; Küntz and Lavallée, 2001; Lockington and Parlange, 2003; Villagrán 
Zaccardi et al., 2017). A comprehensive analysis of this analomaly led to the proposal of a 
new approach considering the fourth root of time, which was validated with experimental data 
in the short term (Villagrán Zaccardi et al., 2017). The new model considers the swelling of 
the C-S-H gel as the main cause for the anomalous behaviour. Physical evidence of this 
swelling was recently presented in (Alderete et al., 2019b), where the volumetric stability of 
mortar and concrete samples was registered using strain gauges.  
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During long-term exposure of samples, water uptake further continues at a very low rate 
even after the capillary rise has covered the full height of samples (Alderete et al., 2019a; 
Bentz et al., 2001; Castro et al., 2011; Hall and Hoff, 2009; Kaufmann and Studer, 1995; 
Spragg et al., 2011). A secondary imbibition period for the water ingress driven by diffusion 
into the finest pores of the cementitious matrix can be therefore defined. Allegedly, this 
process starts as soon as the material makes contact with water, but it is initially masked by 
the capillary action which dominates the water flow during the primary imbibition. The 
secondary capillary imbibition has been presented as a convenient complementary descriptor 
of the transport properties of cementitious materials (Henkensiefken et al., 2009; Kurtis et al., 
2016; Liu and Hansen, 2016; Wei et al., 2017). Both primary and secondary mechanisms 
should be considered for describing the whole moisture transport during imbibition. 

In this paper, capillary imbibition tests were conducted for 17 weeks on concrete mixes 
with and without ground granulated blast furnace slag and fly ash to determine the primary 
and secondary capillary imbibition rates. These transport parameters are compared with the 
pore size distribution obtained by mercury intrusion porosimetry (MIP).  

2 Materials and Methods 

Concrete mixes were designed with a water to binder ratio (w/b) of 0.45. OPC type CEM I 
42.5 N, ground granulated blast furnace slag (SB), and fly ash (FA) were used supplementary 
cementitious materials (SCMs) in partial replacement of OPC in proportions of 20, 40 and 60, 
and 20, 30 and 40%, respectively. A reference mix with only OPC as binder was also made. 
Table 1 displays the properties of the binders, including composition, density, and particle 
size distribution (obtained by laser diffractometry with optimal optical parameters chosen as 
suggested in (Alderete et al., 2016)). Mix proportions, slump, air content, and compressive 
strength are provided in Table 2. The mixes were named based on the binder (OPC for 
control, SB, and FA for the blends) and the weight percentage of cement replacement. To 
improve the workability, a commercially available polycarboxylic ether-based superplasticiser 
was added to the concrete during mixing. In addition to five concrete cylinders with 10 cm in 
diameter, three 10 cm cubes for compressive strength were also cast for each mix and cured in 
a conditioned room at 20 °C ± 2 °C and 95 % ± 5 % RH for 28 and 90 days. 

Table 1. Properties of OPC, SB, and FA.( nd = not determined, LOI = loss on ignition). 

Properties OPC  SB  FA 

Chemical  
composition 

(%) 

CaO 64.67 S nd  CaO 38.34 S 1.4  CaO 3.02 S nd 

SiO2 20.74 Fe2O3 1.52  SiO2 33.7 Fe2O3 0.43  SiO2 54.19 Fe2O3 7.92 

MgO 0.95 K2O 0.77  MgO 8.18 K2O 0.34  MgO 1.92 K2O 3.38 

Al2O3 4.91 MnO nd  Al2O3 11.36 MnO 8.18  Al2O3 23.5 MnO nd 

Na2O 0.27 Cl- 0.07  Na2O 0.35 Cl- 0.01  Na2O 0.39 Cl- <0.01 

SO3 2.96 LOI  nd  SO3 0.03 LOI 0.16  SO3 0.94 LOI 1.84 

Density (g/cm3) 3.11  2.88  2.14 

Particle size 
dv10/50/90 (µm) 

4.9/20.1/58.5  1.8/13.9/35.0  0.4/10/61.7 
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Table 2. Nomenclature, mix composition, air content and slump of the studied concrete mixes. 

 OPCc SB20c SB40c SB60c FA20c FA30c FA40c 
Cement - CEM I 42.5 N (kg/m3) 342 274 205 137 274 239 205 

SCM (kg/m3) 0 68 137 205 68 103 137 
Water (kg/m3) 154 154 154 154 154 154 154 
Sand (kg/m3) 865 860 860 860 860 860 855 

Gravel 2/8 (kg/m3) 500 497 495 493 497 493 490 
Gravel 8/16 (kg/m3) 540 535 535 535 535 535 530 

Air content (%) 2.1 2.4 2.1 2.3 2.8 2.3 2.4 
Slump (mm) 70 70 100 120 70 100 150 

Compressive strength 28d (MPa) 50.6 42.6 32.6 32.2 50.1 50.8 48.8 

The top halves of the five cylinders were used to determine water absorption by 
immersion. First, samples were submitted to vacuum for 2 h and then water was drawn into 
the vacuum chamber until the sample became fully immersed. After 24 h samples were 
removed and the saturated weight was registered. Then, samples were subjected to drying in 
an oven at 105 °C. Finally, water absorption was calculated from the difference between the 
saturated weight and the dry weight, relative to the dry weight. 

The samples for MIP were approximately 125 mm3, obtained from the core of one cylinder 
per mix. Microstructural damage during pre-conditioning was minimised by first drying 
samples at 40 °C for 24 h, and then vacuum-drying them at (20 ± 2) °C for two weeks at 0.1 
bar (Snoeck et al., 2014; Zhang and Scherer, 2011). The maximum applied pressure was 200 
MPa in order to avoid massive cracking induced by the pressure (Beaudoin and Marchand, 
2001). Measurements were corrected with a blank to disregard differential mercury 
compression. The intruding volume of mercury into the sample is a function of the pressure 
increase. Results are interpreted with the theoretical simplified model of cylindrical pores and 
translated into pore ‘diameters’ upon the application of the Lucas-Washburn equation. The 
surface tension and contact angle considered for these computations were 0.482 N/m and 142° 
(Ma, 2014), respectively. Qualitative contrasts are finally possible by comparing the threshold 
diameter (dth) and intrudable pore volume (ɸin) (Ma, 2014). The calculation of dth was made 
by the tangent method, and therefore denoted as dtg (Liu and Winslow, 1995), corresponding 
to the intersection of tangent lines on the cumulative distribution curve at the smallest 
diameter that did not exhibit significant intrusion and the largest diameter that did. The range 
of the points to be fitted was determined by the analysis of the second derivative in the 
differential curve. Furthermore, according to the cumulative curve shape obtained, it is 
possible to make inferences about the presence of choke points.  

The tested samples for the long-term capillary imbibition tests were obtained by sawing the 
section between 3 and 8 cm from the base of the five cylinders. Samples were laterally 
covered with aluminum-butyl tape to ensure one dimensional flow. The preconditioning 
procedure consisted in 72 h immersion in water and then drying in an oven at 50 °C until 
mass decrease was lower than a mass fraction of 0.1 % within 24 h. The capillary imbibition 
test consisted in putting the samples in contact with water, with an immersion depth of (3 ± 1) 
mm. Water evaporation was avoided by putting a lid on top of the water container. The water 
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level was checked regularly and the immersion depth was kept at (3 ± 1) mm during the 
whole testing period. Samples of OPCc and FA20c mixes with 28 days of curing were the 
first ones to be tested, with testing periods up to 10 weeks. Based on these results, it was 
decided to continue the measurements for the capillary imbibition tests on the rest of samples 
up to 17 weeks to obtain a larger amount of data for the secondary period than for the first 
data series. In this manner, a more complete description of the secondary period was achieved 
in those cases. Measurements were performed after exposure periods of 0.5 h, 1 h, 2 h, 3 h, 4 
h, 5 h, 6 h, and 24 h and after that every 24 h during the first week, once a week during the 
first two months, and once a month until 4 months. 

3 Results and Discussion  
Figure 1 displays the results of relative water absorption of the mixes at 28 and 90 days. At 28 
days, values of water absorption of all SB mixes are higher than the OPCc mix. However, at 
90 days, mixes SB20c and SB40c had lower water absorption than OPCc at 90 days. Values 
of water absorption at 28 days increased slightly with the FA content. At 90 days, FA20c and 
FA30c show similar results as OPCc, but the higher replacement in FA40c does not allow to 
compensate the dilution effect.  

 
Figure 1. Relative open porosity and relative water absorption of OPCc, SB and FA concrete mixes at 28 and 90 days. 

The cumulative mercury intruded volume curves of SB and FA mixes at 28 and 90 days 
are presented in Figure 2, with the indication of the ɸin and dtg of each mix. Results reveal the 
refinement action of SB with time. All mixes had a reduction of ɸin between 16 % and 26 % 
after 90 days. Accordingly, dtg values were reduced from 28 to 90 days. For FA mixes, results 
indicate the slower reaction of FA in comparison with SB, as indicated by reactivity tests 
(Alderete, 2018). Although all FA mixes have a lower ɸin at 90 days than at 28 days, the 
reduction is around half of that found for concrete mixes with SB. In fact, FA40c at 90 days 
displays a higher value than SB60c at 28 days. This shows that even with a lower amount of 
replacement (40 < 60) and with more time to react (90 > 28), FA does not compensate the 
clinker dilution as well as SB. Values of dtg are in agreement with this as well, as they are 
higher for FA concrete mixes than SB mixes at 90 days.  
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Figure 2. MIP curves of OPCc at 28 (ref), SB20c at 28 (a) and 90 (b), SB40c at 28 (c) and 90 (d), SB60c at 28 (e) and 90 (f), 

FA20c at 28 (g) and 90 (h), FA30c at 28 (i) and 90 (j), and FA40c at 28 (k) and 90 (l) days. 
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Results for the capillary imbibition of the mixes are shown in Figure 3. Two periods,  
primary and secondary, and a transition period in between, are observed. The primary 
imbibition period takes place within 1 and 3 weeks, for samples tested at 28 days and 90 days, 
respectively. Error bars represent the standard deviation (n = 5) and are marked in all graphs, 
but, as the variability was very small, some error bars are not visible because they are smaller 
than the marker. The capillary imbibition rate (CIR) is computed as the slope of the fitting 
line during the first week: CIR1w (for 28 days); and during the first 3 weeks: CIR3w (for 90 
days). The secondary capillary imbibition rate is computed as the slope of the fitting line after 
the transition period: sCIR1w (for 28 days); and sCIR3w (for 90 days). The corresponding 
coefficients of determination are shown in the graphs. The transition period is highlighted in 
the graphs, where the difference between the primary and the secondary periods is less 
marked for blended than control concrete. 

   

  

  
Figure 3. Long-term capillary water uptake results of OPCc at 28 (a) and 90 (b), SB at 28 (c) and 90 (d), and FA at 28 (e) 

and 90 (f) days. 
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Pore refinement due to the action of the SCMs led to a decrease in dtg in the range of 0.2 to 
1 μm at 28 days, to the range of 0.05 to 0.1 μm at 90 days, which corresponds to a decrease in 
the CIR from the range of 0.048 to 0.065 mg·mm-2·s-0.25 to the range of 0.034 to 0.044 
mg·mm-2·s-0.25. This correlation is in contrast with the values of ɸin, which are not reflecting 
so well the refinement action of the SCMs. Contrarily, the sCIR does not show a clear 
connection with the MIP parameters, and this transport parameter is likely linked with the 
content of C-S-H in each mix and the gel pores. Additional research in this regard seems 
valuable. Furthermore, blended concrete mixes had a more marked transition period and lower 
imbibition rate at 90 days in comparison with 28 days, which indicates a lower flow rate due 
to their increased tortuosity. 

4 Conclusions 
The long-term exposure of unsaturated samples involves additional water uptake after the 
capillary rise has covered the total height of samples. This is a process that occurs at a much 
slower rate than the short-term capillary imbibition, and it can be related to a secondary 
transport through the finest range of pores. Long-term capillary imbibition tests in blended 
concretes manifested the existence of primary and secondary periods. Both periods display 
increasing water uptake proportional to t0.25.  

The pore refinement action of ground granulated blast-furnace slag and fly ash was 
reflected in the comparable reduction of the CIR and dtg parameters. In second term, ɸin 
values were reduced from 28 to 90 days, but the correlation is not very good with the capillary 
imbibition. The likely reason is that pore refinement causes an increase in tortuosity more 
than a reduction in porosity. Lastly, sCIR does not reflect so well the refinement action of the 
SCMs. In this case, the transport parameter could be phenomelogically linked to the C-S-H 
content and its characteristic porosity. 
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