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Abstract

Long-term capillary imbibition in cementitious materials is relevant to describe their durable behaviour. After several weeks, when capillary rise is no longer
progressing, a distinguished change in the slope (from the mass gain - fourth root of time relation) is noticed. Primary and secondary imbibition rates (PIR
and SIR, respectively) can be obtained from such behaviour. Contrary to the widely investigated PIR, usually defined as the capillary absorption rate, the
SIR has been scarcely examined. To evaluate this unexplored process, we contrasted values of SIR and porosity. Moreover, using statistical inference we
evaluated the evolution of the SIR of concrete mixes with different composition and curing age. This paper presents the effect of curing on the SIR and the
relation between porosity changes and SIR. Despite the decrease in capillary and intrudable porosity, SIR increases with curing time having an opposite
evolution than the PIR. Another interesting finding is this increase is irrespective of mix composition (including cement type, w/b ratio, aggregate amount,
presence of SCMs). Results show that the PIR and SIR are influenced by different mechanisms with dissimilar correlations with porosity and curing time.
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1 Introduction

Concrete is a sensitive material concerning moisture and
water transport. Many changes occur in concrete as free
water content fluctuates. Whereas the effect of moisture
content on volumetric stability is extensively addressed in the
literature, the effects of changes in the pore structure due to
the interaction with the medium on the rate of transport
processes is still a matter of research. The microstructural
complexity of cementitious materials has challenged
researchers for decades in search for a comprehensive model
for the interaction between the matrix and free water. The
study of cementitious materials as changing matrix during
water transport is insufficiently reported in the literature.
Even less reports on results of long-term transport
experiments analysed considering the evolution in the pore
structure can be found. These aspects are fundamental for an
accurate description and modelling of cementitious materials
concerning transport properties. As water is a carrying
medium for many detrimental substances that eventually
penetrate in concrete, not addressing the anomalies of water
transport in concrete limits the efficiency of current models in
the literature.

When testing capillary imbibition, some researchers [1-6]

have reported further water uptake even after the water
front has covered the total height of samples. This secondary

progression of water ingress develops at a much slower rate
than the short-term capillary imbibition, and it can be related
to a derived process that involves the finest range of pores.
Other researchers suggest however that entrapped air [7] or
the use of the fractal theory [8] can describe such long-term
behaviour. Hall and Hamilton [7], state that during the
secondary imbibition period, trapped air dissolves in the
water and its volume is replaced by water ingress into the
material. As such, they propose that the rate of the secondary
imbibition period is controlled by the excess pressure of the
trapped air. The fractal approach proposed by Cai et al [8],
although interesting, seems to be valid only for a short period
of time and it does not allow to describe the change from the
primary to the secondary period. In previous research [9], a
model has been presented to describe the long-term
behaviour during capillary imbibition. Basically, the water
ingress process develops in three main stages: the primary
period, followed by a transition period, and finally the
secondary period. The primary period is dominated by
capillary forces that are responsible for the water movement
up to the top of the sample. Normally the information from
this period is used to calculate the sorptivity index or primary
imbibition rate (PIR), and it is addressed by all standard tests
on sorptivity. The variation from the primary to the secondary
stage (transition) corresponds to a variation in the slope of the
water uptake curve. This change is not abrupt and the main
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reason for it seems to be the gradual changing in the main
driving force: from capillarity to diffusion of water through the
pore network. The secondary period can be noticed only after
the main water front has reached the top of the sample
(hence no capillary potential available). The secondary
imbibition rate (SIR) is much lower than the primary rate,
probably due to a slow diffusion-controlled transport. Such
description of the water ingress in stages is useful to analyse
long-term exposure to capillary imbibition and it has been
applied to several concrete mixes in [9]. To deepen in these
descriptions and to have an overview of the phenomenon, we
need quantitative tools that contribute to rationally separate
the different periods. Particularly, the second imbibition
period as described in [9] has not been deeply studied yet and
it is the focus of this research. The secondary imbibition
progressing linearly with the fourth root of time needs further
description, hence we evaluate here the effect of curing
period on the evolution of the SIR.

Only short-term capillary imbibition experiments are
indicated in standards. We may believe that the approach
from ASTM C1585 [10] goes further than other standards, as
it divides water ingress rate into initial (slope of the curve
during the first 6 h) and secondary (slope of the same curve
between 1 and 7 days) rates. This secondary coefficient is on
its own not always valid, as the standard requires the
verification of linearity with the square root of time for the
segment (R? > 0.98). As mentioned by Villagran et al. [11], 7
days of testing should still be considered a short test period,
as capillary forces dominate the process during the whole
exposure time. In many cases this short period is not even
able to provide sufficient information for the modelling of
capillary absorption in the bulk material [12]. With the same
phenomenon dominating the whole test duration, the
division seems to lack a solid physical support. Figure 1
displays data from [13] plotted against the fourth root of time
(instead of the conventional square root of time) of concrete
samples that were measured following the ASTM standard,
except that measurements were continued for up to 368
hours. The periods that would correspond to the primary and
secondary period as defined by the standard are marked with
ellipses. It is clear that there is no difference in the slope when
the fourth root of time is used. In fact, the segmented analysis
of ASTM C 1585 is only aimed to disguise the lack of linearity
of the mass gain with the square root of time. This lack of
linearity is caused by the C-S-H swelling coupled with the
restrictions of the system. The restrained deformations are
translated into a variable porosity that progressively hinders
the water flow leading to the fourth root of time approach.
Although the use of a single value for the exponent for the
time during the primary imbibition may require additional
fundamental research, it offers a very practical and
sufficiently precise description of the capillary imbibition.
Moreover, measurements of the mentioned deformations
presented in [14] support the main hypothesis of the fourth
root of time approach. Most deformations were registered
during the primary period hence deeper look into the
secondary imbibition period is needed.
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Figure 1. Capillary water uptake in concrete tested for 368 hours, data
from [13].

The utility of the description of the long-term capillary water
uptake is still to be further explored. As pointed out by Hall
[7], the value of the SIR as a material property and its relation
to other transport properties remains to be established. The
importance of the long-term phenomenon has been quite
neglected, as the data from literature of capillary imbibition
tests in concrete lasting more than 7 days is very limited. A
deeper look into the unexplored SIR and its relation to other
concrete properties is needed. Particularly, porosity
properties seem relevant to evaluate the relation between
changes in pore structure with time and the SIR.

One of the main aspects of evolution of porosity with time
comprises the effect of curing time on the SIR. This aspect is
particularly relevant for many practical applications in
structures exposed for long time to a source of moisture. It is
known that the PIR decreases with curing age due to a
reduction in the porosity of the matrix with further hydration.
Whether this is also the case for the SIR remains to be
investigated. Differences may be expected in correspondence
with the different pore size ranges that are involved in the
dominant transport mechanisms during the primary and
secondary imbibition.

In this research we analyse the relation between SIR and
porosity evaluated by water accessible porosity (under
vacuum) and intrudable porosity (by means of mercury
intrusion porosimetry, MIP) of several concrete mixes. We
also evaluated the evolution of the SIR when testing such
mixes at different ages to determine the effect of curing time.

2 Materials and methods

Long-term capillary imbibition experiments (up to 7 months
of exposure) were performed in 4 concrete mixes cured for
28 and 91 days. Their mix composition is described in Table 1.
Note that PIA stands for processed incineration ashes (i. e.,
municipal solid waste incineration ashes after special
treatment designed to make them suitable for their use in
concrete). Further detailed information about the PIA can be
found in [15-17].

For the statistical analysis presented in this research, the data
from Mixes 1-4 and 7 other concrete mixes (OPC, SB20, SB40,
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SB60, FA20, FA30 and FA40) were used. These mixes have the
same water to binder ratio but different binder type. The first
one contained only Portland cement, the second to the fourth
contained increasing replacement ratios by ground
granulated blast furnace slag (SB), and the fifth to the seventh
mixes contained increasing replacement ratios by fly ash (FA).
Their mix composition is described in Table 1. More details
about materials and mix composition can be found in [9].

All samples, from concrete mixes described in [9] and the
ones from Mixes 1-4, were tested after 28 and 91 days of
curing in a conditioned room at (20 + 1) °C and (95 + 5) % RH.
For the capillary imbibition experiments, specimens were
laterally water-proofed cylinders of 50 mm height and 100
mm in diameter, sawed from the sector between 30 and 80
mm from the base of cylinders of 200 mm height and 100 mm
in diameter. The top and bottom faces of the samples
remained uncovered. Preconditioning of samples consisted in
72 h immersion in water and then drying in an oven at 50 °C
until the mass decrease was lower than a mass fraction of 0.1
% in a 24 h period. The capillary imbibition test consisted in
putting the samples in contact with water, immersed (3 £ 1)
mm, and regularly weighing the mass increase (after 0.5, 1, 2,
3,4,5, 6, 24 h of contact with water, then every 24 h during
the first week, and afterwards every 1 week until the end of
the experiment). A lid on top of the water container was used
to avoid evaporation. The water level was kept constant
during the whole testing period by regularly checking the
immersion depth. The time when the water front reached the
top of the samples was considered to be indicative of the end
of the primary imbibition period (thus the primary imbibition
rate was calculated as slope of the fitting line between the
first measurement and the end of the primary imbibition

Table 1. Composition of the studied concrete mixes.

period as just described). After this time, the transition period
begins and when the water ingress rate is stabilised the
secondary imbibition slope can be calculated. These long-
term capillary imbibition tests were performed for at least 15
weeks.

Considering the variability of test results, we further analysed
the curing effect by means of hypothesis tests. In this manner,
comparisons between imbibition rates at different ages are
based on a rational basis. The advantage provided by
hypothesis tests is that it is possible to determine the
statistical relevance of the hypothesis with a certain
confidence level.

To identify the relation between the SIR and other concrete
properties, we also evaluated open porosity (OP) and
intrudable porosity at 28 and 91 days.

Cylinders of 100 mm in diameter and 200 mm in height from
mixes OPC, SB20, SB40, SB60, FA20, FA30 and FA40 were
demoulded 1 day after casting, and cured in a climate room
at a temperature of (20 + 2) °Cand (95 + 5) % RH until 28 and
91 days of age. Five samples from the lowest 54 mm were cut
from different cylinders and used for testing. Those slices
were subjected to vacuum for 2 h and then water was drawn
into the vacuum chamber until the samples were fully
immersed. After 24 h samples were removed and weighed,
this weight was denoted as saturated mass in air (msa). The
samples were also weighed in water, and this weight was
denoted as saturated mass in water (msw). Then, samples
were subjected to drying in an oven at 105 °C until the change
in mass was lower than 0.1 % in a 24 h period, and denoted
as dry mass (md). The OP was calculated as (msa-md)/(msa-
msw).

Material Mix 1 Mix 2 Mix 3 Mix 4 OPC SB20 SB40 SB60 FA20 FA30 FA40
Sand 0/1 (kg/m?) 271 271 271 271 - - - - - - -
Sand 0/4 (kg/m?) 541 541 541 542 865 860 860 860 860 860 855
Gravel 2/8 (kg/m?) | - - - - 500 497 495 493 497 493 490
Gravel 8/16 | - - - - 540 535 535 535 535 535 530
(kg/m®)

Gravel 4/16 | 997 997 997 999 - - - - - - -
(kg/m?)

CEM | 425 | - - - - 342/0/ | 274/68 | 205/13 | 137/20 | 274/0/ | 239/0/ | 205/0/
N/SB/FA (kg/m?) 0 /0 7/0 5/0 68 103 137
CEM | 525 N | 360 - 270 - - - - - - - -
(kg/m®)

CEM I B-V 325R | - 360 - - - - - - - - -
(kg/m’)

CEM | 525 R | - - - 296 - - - - - - -
(kg/m®)

PIA (kg/m?) - - 90 74 - - - - - - -
Water (kg/m?3) 173 174 172 167 154 154

Plasticiser (% wt. | 1.8 1.8 2.7 3.9 * * * * * * *

of binder)

* The product information indicated an optimal dosage between 4.5 ml and 13 ml per kg of cement. An intermediate dosage was chosen.
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The samples for MIP were obtained from the concrete mixes:
SB20, SB40, SB60, FA20, FA30 and FA40. Sample volume was
approximately 125 mm3, obtained from the core of one
cylinder per mix. Microstructural damage during pre-
conditioning was minimized 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 [18,19]. The maximum applied pressure
during MIP was 200 MPa in order to avoid cracking induced
by the pressure [20]. Measurements were corrected with a
blank to disregard differential mercury compression. The
surface tension and contact angle considered for these
computations were 0.482 N/m and 142° [21], respectively.

3 Results

Results from long-term capillary imbibition tests of Mixes 1-4
are shown in Figure 2-Figure 5. Similar graphs for the other
mixes can be found in [9]. This data illustrates how the
primary imbibition rate is progressively slowed down after
the capillary rise covered the total height of samples. The new
results confirm the previous description of the long-term
capillary water ingress as divided in three periods: primary,
transition and secondary [9]. Linearity with the fourth root of
time is high in all cases for both the primary and secondary
periods. The values between parenthesis indicate the 95 %
confidence interval for the PIR and SIR values.

Imbibition experiments monitored by neutron radiography
for 4 weeks [22] show a similar behaviour as described here.
Although authors calculated the primary and secondary
sorptivity based on the ASTM C 1585-14, the shape of the
water ingress visualised with radiographs display the lack of
linearity with the square root of time. Furthermore, their
calculations show that the filling of the matrix pores occurs
when there is a clear decrease in the slope (around 11 days
for the tested mixes, which it is even after the secondary
period as calculated per ASTM).

Results for PIR, SIR, OP and MIP intrudable porosity are
summarised in Figure 6. Points in the figure represent the PIR
and SIR at 28 and 91 days (from mixes OPC, SB20/40/60,
FA20/30/40) (horizontal axis); and OP and MIP intrudable
porosity at 28 and 91 days from mixes SB20/40/60,
FA20/30/40 (left and right vertical axis, respectively). We can
observe that, as expected, curing time decreases porosity
(both intrudable and water accessible porosity). Accordingly,
the PIR of all concrete mixes reduces with increasing curing
time. However, values of the SIR seem to increase with time,
in spite of the decrease in porosity. The general trend of SIR
increasing with time regardless of the decrease in OP and
intrudable porosity has quite some variability and it is not
possible to elaborate a solid statement without further
analysis. To obtain more conclusive information, hypothesis
tests were performed and are discussed in the following
section.
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Figure 2. Capillary imbibition rate of Mix 1 at 28 (a) and 91 (b) days of
age. The 95 % confidence intervals of the corresponding PIR and the
SIR are given between parenthesis.
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Figure 3. Capillary imbibition rate of Mix 2 at 28 (a) and 91 (b) days of
age. The 95 % confidence intervals of the corresponding PIR and the
SIR are given between parenthesis.
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Figure 4. Capillary imbibition rate of Mix 3 at 28 (a) and 91 (b) days of
age. The 95 % confidence intervals of the corresponding PIR and the
SIR are given between parenthesis.
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Figure 5. Capillary imbibition rate of Mix 4 at 28 (a) and 91 (b) days of
age. The 95 % confidence intervals of the corresponding PIR and the
SIR are given between parenthesis.

the end of the primary imbibition period (error bars indicate
the standard deviation, n = 5). The moisture content reached
at the end of the primary period was calculated considering
the fourth root of time approach. The total porosity is around
50 % filled, which indicates that almost all capillary pores are
filled at the end of the primary imbibition period.

Relative volume of accessible porosity
occupied by water (%)
100

75
50 = =

25

end of primary period end of primary period

28d 91d
EMix1 ®Mix2 Mix 3 Mix 4

Figure 7. Relative volume of occupied porosity by the water in the
sample at the end of the primary imbibition period in Mixes 1-4 cured
for 28 and 91 days.

4 Discussion

Normally, values of the PIR and the SIR are very different,
being the latter the smallest one. This much lower water
ingress during the secondary imbibition period is due to the
change in the main controlling force from the primary to the
secondary period and the difference in the pore size involved.
When testing samples with different curing time, this
difference in the rate values remains but curing age does not
seem to affect PIR and SIR on the same way. On the one hand,
the difference between the values of PIR at 28 and at 91 days
is rather noticeable. As it is well-known, curing influences
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pore structure and makes concrete less porous. Therefore,
the PIR is lower at later ages. However, when comparing the
SIR at 28 and 91 days the trend is not the same. In other
words, it seems that the effect of curing time is depicted by
an increased SIR value.

Results from Figure 6 indicate that SIR is higher at 91 days
than at 28 days irrespective of the reduction in porosity. It
seems that SIR does not decrease with time, or it even
increases with time. Therefore, it is relevant to make a
statistical analysis to objectively determine the evolution of
the SIR with time. For that purpose, the SIR values of each
tested sample (n = 5) from the 11 concrete mixes were
analysed with statistical hypothesis tests (t-tests) considering
matched-pairs (28 and 91 days) and independent samples
respectively.

The test of matched-pairs was performed to address the
effect of curing time from 28 to 91 d as a treatment for each
concrete mix. In this case, the potential influence of the
particular amount of SCM replacement or type of SCM on the
SIR coefficient is disregarded and the analysis is focused on
the effect of age. First we considered the hypothesis that the
mean of the difference between SIRat 28 d and SIRat 91 d is
zero, i.e. the SIR does not change with time. An unilateral test
is performed, where the alternative hypothesis would
indicate that the mean of the difference is lower than zero,
i.e. SIR is higher at 91 d than at 28 d. This can be expressed as
HO: ud = 0, with H1: ud < 0. A 95 % confidence level (a = 0.05)
was chosen for the test.

The mean difference and the obtained p-value are shown in
Table 2. The mean value for ud is negative. The p-value
(0.0022 < 0.05) indicates that there is statistically significant
evidence at a = 0.05 to reject the null hypothesis. This directs
us to reliably state that the SIR increases from 28 d to 91 d in
the studied concrete mixes.

Table 2. Data of the difference in means of the SIR in concrete.
Matched-pairs t-test of SIR

concrete mixes
at28dand 91d

Mean (mg/mm?/s°%) - 103 -4.93
Standard deviation | 4.48
(mg/mmZ/SO.ZS) . 103

Sample size 11
p-value 0.0022

Now, it is also possible to consider the whole set of samples
and evaluate the difference between means at 28 d and 91 d
of the SIR. In such manner, it is of interest to compare the two
independent groups (SIR at 28 d and SIR at 91 d) with respect
to their mean values. For that, rather than generating an

Table 3. Results from a t-test considering independent samples.

estimate of the difference (ud), it is possible to test whether
the observed difference between p28 and p91 is statistically
significant or not. If conclusive, it would allow to state that the
influence of curing age is noticeable in spite of the other
factors affecting the variability of the data.

From the results in Table 3 it is interesting to see how even
when comparing the whole set of concrete mixes as
independent samples, still the null hypothesis (HO: ud = 0) is
rejected. This indicates that SIR values at 28 d and at 91 d are
statistically not equal. The alternative hypothesis (H1: pud <
0) stipulating that SIR increases with time can therefore be
accepted.

Furthermore, we also carried out an ANOVA to investigate the
different main and interaction effects (an interaction effect
means that the effect of one factor depends on the level of
another factor). When comparing the relative importance of
the main effects (Age, type of SCM and Replacement level), p-
values were found to be lower than 0.05 in all cases, which
indicates that they are all important. Regarding the
interactions, the following ones were analysed: Age*SCMs,
Age*Replacement, SCMs*Replacement and
Age*SCMs*Replacement. In this sense, the effect of age on
the SIR is significantly different for different SCMs (thus the
age effect depends on the type of SCM). This is probably
related to the effect of curing on the C-S-H content of the
mixes with different SCMs, as curing for longer periods will
result in different C-S-H content when different SCMs are
used. Presumably, the evolution of SIR with time may be
reflecting the increase in C-S-H content with time. Further
research to confirm this hypothesis is necessary.
Furthermore, the effect of age on the SIR does not
significantly depend on the replacement level (and vice versa)
and the effect of replacement level on SIR is similar for all
SCMs (and vice versa). When including the main and
interaction effects in our model, we could explain 83 % of the
variability in the SIR data. This value seems acceptable for
concrete experimental results.

As mentioned before, there are only few data in literature
where long-term capillary imbibition in concrete is evaluated.
Even less literature is available in which long-term capillary
imbibition is performed in samples with different curing ages.
To the knowledge of the authors, only Henkensiefken et al.
[6], attempted to evaluate the secondary capillary imbibition
rate as defined by ASTM C 1585 for mixes with different
curing ages (1, 7, 28 and 90 days). Yet, results were only
obtained up to 8 days of exposure, and these differences in
slope do not describe the physics of the actual SIR resulting
from a process different from capillarity.

SIR in concrete mixes at | SIR in concrete mixes at
28d 91d

Mean (mg/mm?/s®%)-10° 13.2 18.2

Standard deviation(mg/mm?/s°°) - 10 4.5 7.7

Sample size 11 11

p-value 0.0406
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Similarly, Ghasemzadeh and Pour-Ghaz [23] studied the ‘long-
term’ capillary imbibition in concrete subjected to different
levels of damage but again only until 7 days. Therefore, the
secondary imbibition period described in the present
research does not compare to data in [6,23] that align when
plotted against the fourth root of time (same as the data from
[13], see Figure 1). In the present study the SIR was calculated
after the water front reached the top of the samples, which
normally took between 1 and 3 weeks. Then, only when the
sample height was covered, the main mechanism stops being
capillarity clearly reflecting in the decrease in the water
uptake rate.

Results obtained from the 11 studied concrete mixes indicate
that the SIR increases with curing age. This finding is rather
unexpected. The SIR does not follow the pattern of PIR (or
most transport properties for that matter) as generally
indexes are reduced with time. One possible explanation is
that the SIR is mainly controlled by a parameter different from
porosity.

Assuming that during the secondary period the main driving
force is diffusion, and that the ingress is influenced by the C-
S-H patbhs, it is likely that the increase in the SIR coefficient is
connected to a greater amount of C-S-H in the samples. This
agrees with the link between the secondary period and the C-
S-H content which is naturally higher at later ages. The
decoupling of the SIR from the PIR is a fundamental aspect
that deserves further experimental analysis. Such advances
may help in better connecting the interaction of the
microstructure of concrete with the medium and the durable
performance of concrete structures.

5 Conclusions

Long-term experiments of water transport in cementitious
materials can provide complementary information for the
description of the microstructure of concrete. In this research
we evaluated the relationship between porosity (by means of
water saturation under vacuum -OP- and MIP) and the
secondary imbibition rate (SIR). The general trend indicates
that, regardless of the decrease in OP and MIP intrudable
porosity, SIR increases with time. Based on the hypothesis
test made with 11 concrete mixes and 95 % level of
confidence, the SIR increases when samples are tested at 91
days in comparison to samples tested at 28 days of curing.

The findings can be summarised as follows:

(1) SIR increases with curing time in spite of the decrease in
the porosity of the cementitious matrix. Such finding is of
particular interest in regards to the long-term evaluation of
concrete structures as obtaining a larger SIR can be an
indication of a lower porosity,

(2) this increase is irrespective of mix composition (including
cement type, w/b ratio, aggregate amount, presence of
SCMs),

(3) considering the interaction effects: Age*SCMs,
Age*Replacement, SCMs*Replacement and
Age*SCMs*Replacement, the most important conclusion to
point out is that the effect of age on the SIR is significantly

different for different SCMs (thus the age effect depends on
the type of SCM),

(4) the behaviour of the SIR is surprisingly the opposite of the
PIR (which decreases with time), this can be possibly
explained by increase in C-S-H content, as this secondary
period is probably associated to diffusion in the C-S-H sheets.
This is still to be further confirmed by future research.

The present research confirms that the PIR and SIR have
dissimilar correlations with the porosity and curing time of
concrete. To understand the moisture dynamics in long-term
exposure conditions, further research is needed to evaluate
the relation between the SIR and other properties and
features of cementitious materials, particularly its connection
with the C-S-H content in concrete.
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