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� Sorptivity is directly proportional to capillary penetration coefficient for brick samples.
� Capillary water absorption coefficients for building materials can be predicted.
� Acrylic paints decrease the capillary absorption processes more than the sultry adhesive coat.
� Capillary absorption processes depend on the sealing materials.
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Neutron radiography is used to study the relation between water sorptivities (s) and capillary penetration
coefficient (k), and to reveal impacts of sealing method on the water absorption process in brick samples.
Except for the ends, the samples’ outer surfaces were coated with a polymeric waterproofing slurry.
While the samples were absorbing water, neutron radiography images were recorded continuously.
Analyses of the acquired images, as well as published results for construction building materials, were
used to determine water sorptivities (s), capillary penetration coefficient (k), and capillary porosity
(hc). The results showed that s is proportional to k in a direct manner, and that hc is the proportionality
constant. It was found that samples coated with a polymeric waterproofing slurry absorb water more
quickly than samples coated with acrylic paint.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Chemical and biological agents transported by water are
regarded as major factors in the degradation of building materials.
Capillarity transports water in building materials like bricks [1–3].
The Lucas–Washburn equation [4] is commonly used to describe
capillary water absorption:

h ¼ kt1=2 þ a 1

where h is height of the liquid front (cm), t is the absorption time
(h), the intercept a is a correction term which accounts for surface
effects and k is the capillary penetration coefficient (cm.h�1/2).
Sorptivity s (cm. h�1/2) is determined according to
I ¼ W=A ¼ St1=2 þ b 2

where I is the cumulative water absorption (cm), W is the vol-
ume of water absorbed (cm3), A is the sample surface area exposed
to water (cm2), and the intercept b is a correction term [5] to
account for surface effects [5]. k and S are parameters characteriz-
ing capillary flow process in porous media and are functions of
both the liquid properties (surface tension, contact angle, the
dynamic viscosity) and the porous medium matrix (the pore struc-
ture). Both equations (1) and (2) are used to describe water absorp-
tion in construction building materials. The intercepts a and b may
take positive or negative values. Positive intercepts indicate rapid
filling of the pores near the surface of sample immersed in water
during the initial period of water absorption. Negative intercepts
indicate a delay or acceleration of capillary absorption ([5] and
references cited in). The sorpitivity can be determined easily by
gravimetric method while the capillary penetration coefficient
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can be determined by visualization of the movement of water
inside a porous sample using neutron and/or x-ray radiography
methods [6,7].

Neutron radiography (NR) is based on recording a neutron
beam after absorption and scattering (attenuation) by an object
investigated by a suitable detector (CCD camera) [8]. Since thermal
neutrons are strongly scattered by water due to the large scattering
cross-section for Hydrogen atoms, NR is considered a powerful tool
to study water absorption in porous media. NR has been used to
study water absorption processes in a variety of building materials
(see for example [9–15]).

There is some data on the relation between k and S. Hanžič, and
Ilić, 2003 [16] determined capillary coefficients for water and fuel
oil in three different types of concrete using neutron radiography.
The determined capillary coefficient values were compared with
the sorptivity measured by the gravimetric method. They showed
that the ratio between k and s for water are 5.5 ± 0.6, 5.8 ± 0.6
and 7.1 ± 0.7 in concrete without additives, concrete with an air
entraining agent and concrete with a plasticizer, respectively. Yang
et al., 2019 [17] used X-ray CT combined with CsCl enhancing to
investigate the relationship between k and s of water for mortar
and concrete samples. The results showed that the ratio (s/k)
equals the values of porosity (hc) determined by vacuum water-
saturated method of the samples investigated. Zhang et al., 2011
[18] used neutron radiography to study the process of water
absorption in two types of concretes with different water–cement
ratios (0.4 and 0.6). The results for s, k and hc were correlated as
s = qhc k (where q is the liquid density). The reported values for
hc were 0.059 and 0.087 for concrete with w/c ratio 0.4 and 0.6,
respectively. Those values are higher than the corresponding ones
extracted from the water profiles (~0.034 and ~ 0.047).

These results were not confirmed by other studies in literature.
Additionally, there are no studies in literature for the relationship
between s and k for brick samples. Thus, data are required to inves-
tigate the relationship between s and k for brick samples. There-
fore, further analyses of reported results for other building
materials such as mortars, pastes, bricks and some rocks are
needed.

To reduce evaporation and allow liquid to flow in one direction
during capillary absorption tests, the lateral sides of the sample are
often sealed with a sealing material. The effect of the sealing
method on capillary water absorption tests has not been exten-
sively studied. It has been reported that the capillary absorption
process may depend on the sealing method for some types of por-
ous samples. Moreover, it could perturb the process of capillary
water absorption ([5] and references cited in). Such hypotheses
were not confirmed by other studies. Thus, the impact of the seal-
ing method on capillary water absorption processes needs further
studies.

The aim of the present work is to use neutron radiography to: 1)
determine the relationship between the capillarity penetration
coefficient and sorptivity for brick samples. The sorptivity is deter-
mined by neutron radiography, and 2) investigate the impact of the
sealing method on capillary water absorption process. In this work,
the NR station installed at the 14th beam line of the IBR-2 reactor,
Joint Institute of Nuclear Research, JINR, (Dubna), Russia was used
to perform the experiments.
2. Experimental details and measurements

The NR station installed at the 14th beam line of the pulsed
reactor IBR-2, Joint Institute for Nuclear Research (JINR), Dubna,
Russia [19,20] was used to perform the experiments. The L/D ratio
for the collimator is 200. The length L = 1000 cm, the pinhole diam-
eter D = 5 cm. It is classical standard linear pinhole-type collimator.
2

It consists of four cylindrical divergent inserts of boron-contained
polyethylene disks and steel rings for construction rigidity. The
collimator holes expand in diameter from initial 5.0 to 23.7 cm
(it is not radial or reflector collimator). The source (reactor moder-
ator wall) to sample distance is 2200 cm, the sample-to-scintillator
length is 1 cm. The thermal neutron flux at the position of the sam-
ple is 5.5x106 n.cm�2.s�1 and the detector system is based on a
6LiF/ZnS scintillation screen. A CCD camera was used to record
images and the average spatial image resolution is ~ 300 lm. Dark
current images were subtracted from the registered NR images,
then those were normalized with respect to an image for the inci-
dent white neutron beam. Further analysis was carried out using
the Image J software [21].

Water absorption into three kinds of brick samples was investi-
gated by NR. The samples are cement light weight (brick 1), clay
(brick 2) and sand-lime light weight (brick 3). More details about
these samples were reported in El Abd el al., 2020 [12]. These sam-
ples besides another sample (brick 4) were previously investigated
by NR [12]. However, an acrylic paint was used as a sealing agent
[12]. The dimensions of the brick samples
(thickness � width � length) investigated in this work are: 2 cm
x3.3 cm � 9 cm, 1.65 cm x3 cm x9.5 cm, and 2.4 cm x2.4 cm x10
cm, respectively. The samples were oven dried for several days at
105 0C. These samples are shorter in length than those previously
investigated [12]. In this work, the surfaces of the samples investi-
gated, along the water flow direction (four sides), were coated with
a polymeric waterproofing slurry except their ends that character-
ized with small cross section areas. This waterproofing slurry was
used as a sealing agent to allow water to flow in one direction
(along the length of the samples) and prevent water evaporation
during the water absorption experiments. Two perpendicular lay-
ers of the slurry coat, with total thicknesses less than 2 mm, were
applied after the specimens were wetted using clean water by stiff
brush. The samples are dried again for several days. The NR exper-
iment was carried out during the capillary water absorption test
for the samples prepared. The samples were fixed vertically and
their ends were immersed in a water container. The samples
absorb water from the bottom ends by capillary forces. The level
of water in the container covers ~ 3 mm of the immersed sample
ends and was kept constant. Several NR images were registered
continuously during the water absorption process.

Corrections for the neutron scattering arising from both the
samples and water absorbed during water absorption process were
carried out using the procedures previously used in El Abd et al.,
2020 [12]. In this work, these procedures used cadmium (Cd)
strips. Cd absorbs incident thermal neutrons on it, since it has a
large absorption cross section for thermal neutrons. Thus, if a Cd
strip was stacked on the surface of a sample along its length, such
that Cd is exposed to a thermal neutron beam, the value of neutron
intensity under Cd would just be due to the scattered neutrons. The
neutron intensity, Ib after passing a dry brick sample is given by

Ib ¼ Io expð�
X
b

LbÞ þ Isb 3

where I0 is the neutron intensity without the sample, Lb is the sam-
ple thickness (cm),

P
b (cm�1) is the effective macroscopic cross

section for the brick sample, andIsb is a neutron scattering compo-
nent resulting from the brick sample. The transmitted neutrons
from a wetted sample, Ib+w is given by

Ibþw ¼ Io expð�
X
b

Lb �
X
w

LwÞ þ Isb þ Isw 4

where Lw is the water thickness (cm),
P

w (cm�1) is the effective
macroscopic cross section for water, Isw is the neutron scattering
component resulting from water inside the brick sample. Under



A. El Abd, M. Taman, S.E. Kichanov et al. Construction and Building Materials 298 (2021) 123758
Cd, the neutron intensities for the dry and wetted sample are given
by

ðIbÞcd ¼ Isb 5

and

ðIbþwÞcd ¼ Isb þ Isw 6

respectively. From Equations 3–6, the water thickness Lw at a
given position along the water flow direction, x and at an absorp-
tion time, t is given by

Lwðx; tÞ ¼ 1P
w
ln

Ib � Isb
Ibþw � ðIsb þ IswÞ

� �
7

The volumetric water content at any position� and time t along
the water flow direction is given by

hðx; tÞ ¼ Lwðx; tÞ
Lb

8

The total volume of water absorbed along the flow direction to a
distance � (cm) is given by
Z x

0
Lwðx; tÞ Lt dx ¼

Z x

0

LtP
w
ln

Ib � Isb
Ibþw � ðIsb þ IswÞ

� �
dx 9

where Lt(cm) is the width of the sample. The total volume I, of
water absorbed divided by the sample surface area LbxLt (cm2)
exposed to water in unites of cm is given by

I ¼
Z x

0
hðx; tÞ dx ¼

Z x

0

1
Lb
P

w
ln

Ib � Isb
Ibþw � ðIsb þ IswÞ

� �
dx 10

where hðx; tÞ ¼ Lwðx;tÞ
Lb

, is the volumetric water content at any posi-

tion x and time t along the water flow direction. The integralR x
0 hðx; tÞ dx is the cumulative water absorption, I given by Eq. (2).
In terms of the square root of the absorption time

p
t, equation

(10) can be used to determine the sorpitivity. I (I =
R x
0 hðx; tÞ dx) is

determined from the water profiles at the different absorption
times t, then I is plotted versus

p
t. The I-

p
t results should be fitted

with straight line equation, the slope of which is the sorptivity S.
This means that I should follow

p
t behavior.
3. Results and discussion

3.1. Determination of capillary penetration coeffiecients

Some of the NR images registered for brick samples 1, 2 and 3
during the capillary water absorption process are shown in
Fig. 1a. It is possible to notice that water advances clearly in the
samples investigated as the absorption time elapses. The wetted
regions in the images are darker than the dry ones. Sharp water
fronts can be noticed between the wetted and dry regions of the
samples investigated. The very dark regions along the length of
the samples (direction of water flow) are due to the Cd strips
attached to the samples. It can be observed for brick 1 and 2 sam-
ples that the advances of water (penetrated distances) are compa-
rable. Very slow water absorption into brick 3 can be noticed in
comparison with the other samples.

Two rectangular areas were drawn through the NR images
acquired along the direction of water flow for the investigated
samples. One was drawn on the shadow of the Cd strip and the
other one beside it. For clarity, these rectangles are shown in the
first image shown in Fig.1a at an absorption time 3.43 min for
the brick 1 sample. These rectangles were used to extract the
neutron intensity components Ib, Isb ,Ibþwand Isw. Such components
were used for determining the water content distribution inside
3

the samples as the absorption time elapses (water profiles) using
Equation (8).

The extracted water profiles for bricks 1, brick 2 and brick 3
samples are shown in Figs. 2a, 3a and 4a, respectively. From these
profiles, the water front positions as the absorption time elapses
were determined at two values for the water contents (ath = 0
and 0.125). The results are shown in Figs. 2b, 3b and 4b, respec-
tively. The results were fitted with straight line equations. As one
can see, the water fronts follow the

p
t behavior with positive

intercepts (equation (1)). Table 1 lists the values of the slopes, k
(the capillary coefficients) corresponding toh = 0 and 0.125 for
brick samples 1, 2 and 3. For comparison of the results, Table 1 lists
the values of k for the same brick samples (1, 2, 3, and 4) which
were measured previously[12]- the brick 4 sample was not mea-
sured in the current work.

We reanalyzed the NR images of for brick 3 sample which was
previously presented in El Abd et al., [12] since the progress of the
water front inside it was irregular during the water absorption test.
Fig. 1b shows some NR images for brick 3 as the absorption time
elapses. Two rectangular areas were drawn as shown in Fig. 1b
(at the absorption time T = 45.25 min) to determine the water pro-
files and then determining the water front positions as the absorp-
tion time elapses. One rectangle was drawn beside the Cd strip
(region 1) and the second was drawn near the edge of the sample
(region 2). The results are shown in Fig. 5 forh = 0, 0.1 ,0.15 and 0.2.
Although values of the water front positions near edge (region 2) of
the sample are higher than those near the Cd-strip (region 1),
water proceeds in region 1 faster than in region 2. This is probably
due to the acrylic paint used to seal the samples. The capillary coef-
ficients values are listed in Table 1. While the values of k in region
1 increase as h increases, they are approximately comparable for
region 2.

The capillary coefficients determined in the present work were
compared with those values in El Abd et al., 2020 [12] (Table1).
They are higher by factors of 1.47 and 1.58 for brick 1 and brick
2, respectively. For brick 3 samples, the ratios of the average values
of k in the present work with respect to those for regions 1 and 2
(reg-1and reg- 2)– Table 1 – are 1.16 and 1.59, respectively. The
higher values of k compared to those in the previous study can
be attributed to the sealing material used. The acrylic paint pene-
trates deeper into the samples than the polymeric waterproofing
slurry, likely reducing the effective cross-section size for the capil-
lary absorption process. Thus, capillary water absorption processes
depend on the sealing material. There are very limited results in
literature for the effect of the sealing method on the capillary
water absorption [5].

3.2. Determination of sorptivty and capillary porosity

The sorptivity was determined for the samples investigated
using Eq. (10). The cumulative water absorbed (I) was determined
using the results of h versus x at the different absorption times for
each of the samples investigated. The plots of I versus

p
t are

shown in Fig. 6 for brick 1, 2, and 3 samples. Fig. 6 also shows
the results for the same samples, which were previously investi-
gated [12]. It is noticeable that the values of I follow

p
t behavior.

The slopes of the straight-line fits are the sorptivities – Table 1. The
values of sorptivities determined in the present work are higher
than the corresponding ones in the previous work [12]. This con-
firms the dependence of the capillary water absorption process
on the sealing material.

The capillary porosity hc is defined in this work as the water
content near surface of the water container (x ~ 0). Values of hc
were determined from the water profiles for the samples
investigated (Table 1). The ratios, kc = s/hc were calculated. The cal-
culated values of kc (predicted) are in agreement with the experi-
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Fig. 1a. Neutron radiography images for brick samples 1, 2 and 3 at different absorption times (T).
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1 2

Fig. 1b. Neutron radiography images for brick 3 sample at different absorption times (T) in El Abd et al., 2020 [12]
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mental ones (k) with maximum deviations less than ~ 15%. This
means that the capillary coefficients for the investigated brick
samples can be predicted from known values of sorptivity and cap-
illary porosity. Sorpitivity can be determined from gravimetric
4

measurements while capillary porosity can be determined by the
water saturation method under atmospheric pressure.
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Fig. 3a. Water profiles for brick 2. The lines are guides for the eye.
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3.3. Analysis of previous results

Experimental results from literature were collected for s, k and
hc for cement-based materials, bricks and rocks. The values of kc
were calculated from reported values of s and hc (kc = s/hc) and
compared with the measured ones, k. These results are listed in
Table 2. Yang et al., 2019 [17] used X-ray CT to investigate the rela-
tionship between k and s of water for mortar and concrete samples.
Values of k and s were determined by X-ray CT and the gravimetric
method, respectively [17]. hc values were determined by the vac-
uum water-saturated method. Based on the result obtained and
theoretical analysis, they have shown that the ratio of the ratio
(s/k) equals the values of porosity [17]. Similarly, Zhang et al.,
2011 [18] reported values of the same parameters using neutron
radiography. There is correspondence between predicted and
experimental values of k of the results reported by Yang et al.,
2019 [17] and Zhang et al., 2011 [18] – Table 2. Pel et al., 1996
and references cited in [22] investigated moisture transport in
brick and mortar samples using NMR. The values of k and hc were
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reported for the investigated samples [22]. However, only some
values for s determined by the gravimetric measurements were
shown. Also, hc determined from vacuum saturation method were
provided by the authors [22] - these values are not listed in Table 2.
We have calculated the values of s from the (h-/) profiles and val-
ues of k (at half the value of hc). Values of kc were calculated from
both sorptivities determined using the (h- /) profiles and hc values
reported. There is an agreement between predicted and experi-
mental values of k. This means that the procedure used for deter-
mining sorptivities and using the values of hc , which are smaller
than the corresponding ones determined by vacuum saturation
method, are accurate and reliable from one hand and from the
other hand such procedures credit results obtained in this work.
Additionally, there is a deviation between calculated values of k
(based on values of hc determined by vacuum saturation method)
and the experimental values of k - these results are not shown.
Similar calculations were carried out for the results reported for
mortar samples [23,24]. These results were obtained by NMR and
NR, respectively. hc, s and k (at half the value of hc) were deter-
mined from the (h- /) or h-x profiles. Hall,1989 [25] reported (h-
/) profiles of water absorption into a mortar bar (I: 3: 12 OPC/
lime/sand by volume) obtained by NMR. From these results, we
extracted the value of k. The values of s and hc measured by the
gravimetric method were reported [25]. A gamma-ray attenuation
Table 1
Values of capillary penetration coefficients (k), sorptivities (s) and ratios (s/hc) in the pres

Brick 1 2

k (cm.h�0.5) a 3.88 ± 0.1 *
3.87 ± 0.1 **

4.36 ± 0.12*
4.34 ± 0.11**

k (cm.h�0.5) b 2.64 ± 0.1 2.52 ± 0.07
Ratios of (k in this work/ k [12] 1.47 1.58

s (cm.h�0.5)a 0.778 ± 0.08 0.964 ± 0.10
s (cm.h�0.5) b 0.536 ± 0.06 0.491 ± 0.05

hc
a 0.220 ± 0.02 0.25 ± 0.022

hc
b 0.220 ± 0.02 0.22 ± 0.020

(s/hc)a 3.53 ± 0.33 3.86 ± 0.360
(s/hc)b 2.44 ± 0.24 2.23 ± 0.210

* at the h = 0,** h = 0.125 ,a this work, bEl Abd et al., 2020 [12].
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was used to study water absorption into mortar at 20 �C, 35 �C, 45
0C and 55 0C [26]. Values of s, k and hc were determined from the h-
/ profiles provided by the authors. We did not determine the val-
ues of s, k and hc from the h- / profiles at the 55 0C since these pro-
files are not complete [26]. The determined value of hc = 0.145,
corresponding to the highest values observed for the water content
and less than the reported values (0.167), was considered equal to
the value of hat / = 0 [26] Leech et al., 2003 [27] showed that the
values of hc determined by NMR for concrete samples were approx-
imately equal to the value determined by vacuum saturation
method. They reported the value of s (from the h- / profiles) and
we determined the values of k (at half the value of hc) from the
same profiles. Hazrati et al., 2002 [28] investigated water distribu-
tion in cement mortar mixtures using NMR under different drying
conditions (oven and propan-2-ol drying). Results of hc and k were
reported [28] and we determined the values of s and k (at half the
value of hc) for only three oven dried samples from the reported h-
/ profiles. We could not deal with the other results since it was dif-
ficult to digitize them. Carmeliet et al., 2004 [29] investigated
water absorption into calcium silicate plate and ceramic brick
using x-ray radiography. We have determined values of s, k (at half
the value of hc) from the h- / profiles reported and used hc provided
by the authors [29]. Kang et al., 2013 [30] and Zhao et al., 2018 [31]
investigated water absorption into Berea sandstone and tight sam-
ples by NR, respectively. They used the method of Meyer and War-
rick, 1990 [32] to fit the h- / profiles. The fitting parameters
including hc were used to determine the values of s and k. Gener-
ally, the predicted and experimental values for k for the reported
results in references [23–31] are in good agreements. However,
based on using reported values of hc = 0.167 [26] and reported
value of k [27] deviations (less than 20%) can be noticed between
predicted and reported experimental values of k. Carpenter et al.,
1993 [33] used NMR to investigate water absorption in Lepine
limestone (a typical constructional stone) and the value of k was
reported. Values of s determined by both NMR and the gravimetric
methods were found to be in agreement [33]. Also, it was noticed
that the reported values of hc, determined by the vacuum satura-
tion method, are in line with the estimated values determined
from h- / profiles [33]. From these results [33], we have deter-
mined the values of k (at half the value of hc). Wang and Fang,
1988 [34] investigated moisture transport in sand column based
on the traditional gravimetric method. The hc value was reported
by authors [34] and we have calculated the values of s and k from
the h- / profiles. It can be noticed that there is correspondence
between the predicted and experimental values of k for the results
reported in reference [34]. However, higher deviations can be
noticed for the results reported in reference [33], especially when
using reported k-value.
ent work and in El Abd et al., 2020 [12]

3 4b

0.781 ± 0.02*
0.806 ± 0.02**

–

Reg-1: 0.68 ± 0.017–0.700 ± 0.07 Reg-2: 0.500 ± 0.013 2.96 ± 0.1
1.16 Reg-1
1.59 Reg-2

–

0.174 ± 0.017
Reg-1: 0.155 ± 0.015
Reg-2: 0.114 ± 0.01

0.622 ± 0.07

hc = 0.25 ± 0.027
hc = 0. 25 ± 0.027 0.220 ± 0.020
0.696 ± 0.08 –
Reg-1: 0.618 ± 0.07
Reg-2: 0.454 ± 0.050

2.83 ± 0.270
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Based on our results for brick samples and those shown in
Table 2, it can be concluded that the value of k can be predicted
from the measurements of capillary porosity and sorptivity deter-
mined by gravimetric measurements. Such approach can be
applied as a satisfactory approximation, since it can be interpreted
in terms of water flow in a single or a parallel bundle of capillary
tubes [17–18]. It was reported that the capillary porosity is usually
less than or equal to the vacuum saturated porosity in cement-
based materials, however for bricks there is a significant difference
between the two porosities [22,27].
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To further check the procedures used in the present work for
predicting the values of k, the values hc were determined by the
gravimetric method for the brick samples investigated (samples
were saturated by water under atmospheric pressure). The devia-
tion between the determined hc values from the gravimetric mea-
surement and NR method were found to be approximately 10%
(values for hc determined by NR are smaller). To minimize such
deviation and predict the values of k more precisely, capillary
absorption tests were carried out for short brick samples for
absorption times comparable to those of the NR experiments. Short
samples were chosen to ensure that water fills the available pores
for water flow such that the water content across the length of the
samples is comparable. This was checked by weighting the sam-
ples after 3 h, 3.5 h and 4 h. It was found after an absorption time
of 3 h that the weights of the samples are roughly constant. The
deviation between the determined hc values from the gravimetric
and NR measurements were found to be around 5%.

The approach used in this work, which is supported by experi-
mental results, can be schematically represented by Figs. 7a, b and
c. Fig. 7a shows the water profile characterized with sharp front. If
the water front is very sharp, sorptivity (area under the curve) will
be equal to the rectangle area (k* hc). However, sorptivity (s) is
slightly less than that of the rectangle (area ~ k* hc) – Fig. 7a. More
pronounced deviations can be noticed, as the sharpness of the
water front decreases (Figs. 7b and c) and in such cases the values
of sorptivities are lower than the areas of the rectangles (k* hc).
Assuming water front position is at the mid value of hc, as shown
by the dashed lines in Fig. 7a , b and c, deviations between s and
k* hc can be minimized. Such findings (s is lower than k* hc) explain
the underestimated values of the predicted k values shown in
Table 2.

The relationship between s and k [35–37] was investigated for
cement-based materials considering the irregular shape of the
pores (tortuosity and roundness). It was concluded that

s ¼ u
c
k 11

where u is porosity and c is a constant (1 < c < 5). The value of c
depends on the porous matrix microstructure. In this work, the
ratio u

c may interpreted as capillary porosity (hc) crediting results
obtained in this work. Other fractal models describing water
absorption in porous matrixes can be used and may lead to more
reliable approaches explaining the relationship between s and k
[35,38–40].

Neutron radiography was used to establish a relationship
between capillary penetration coefficient and sorptivity for brick
samples. Both parameters were determined from results
extracted from acquired images. Moreover, the NR results
showed that the capillary water absorption processes depend
on the sealing material. The results obtained can be discussed
in terms of the theory of unsaturated flow in porous media
[12] where water diffusivities can be determined. In addition,
it has been proved that artificial intelligence can be used as a
potential substitution for typical traditional analytical methods
for analyzing data of different neutron/photon radiation-based
instruments [41–44]
4. Conclusion

Capillary water absorption into brick samples was measured
using neutron radiography. The capillary penetration coefficient,
sorptivity and capillary porosity were determined from the
obtained results. It was proved that water sorptivity is directly pro-
portional to capillary penetration coefficient for the brick samples



Table 2
Values of hc, s, and k collected from literature and calculated kc for some porous materials.

Sample s(cm.h�1/2) K(cm.h�1/2) hc kc = s/hc kc/k w/c References

Mortar 0.194 0.990 0.200 0.97 0.98 0.45 Yang et al., 2019 [17]
Concrete 0.084 0.882 0.100 0.84 0.95 0.45
Concrete 0.041 0.690 0.059 0.695 1.00 0.40 Zhang et al., 2011 [18]
Concrete 0.096 1.110 0.087 1.103 0.99 0.60
RH (1.621) 1.5 (8.88) 9.06 0.19 (8.53)a 7.89 (0.96)a0.87 – Pel et al.,1996 and references cited in [22]
RZ (2.362) 2.85 (9.42) 10.2 0.27 (8.747)a 10.75 (0.93)a1.05 –
VE (0.94) 3.3 (11.4) 12 0.28 (10.69)a 11.79 (0.94)a 0.9 –
GH (1.47) 1.56 (7.842) 8.52 0.20 (7.35)a 7.8 (0.94)a0.92 –
Gz (1.66) 2.22 (6.37) 8.22 0.27 (6.156)a 8.226 (0.97)a 1 –
MM 0.728 4.902 0.16 4.552 0.93 –
MZ 0.927 5.459 0.18 5.152 0.94 –
sand-lime brick 0.466 1.848 0.27 1.725 0.93 –
Gypsum(I) 0.906 3.360 0.29 3.124 0.93 –
Mortar (oven dried) 0.267 1.788 0.155 1.665 0.93 0.40 Pel et al., 1998 [23]
Mortar 0.0234 0.187 0. 117 0.200 1.07 0.40 Zhang et al., 2017 [24]
Mortar 0.1120 0.770 0.160 0.700 0.91 0.60
Mortar 1.99 8.78 0.27 7.37 0.84 0.50 Hall, 1989 [25]
Mortar (20 �C) 0.114 0.79 (0.167) 0.145 (0.680)a 0.78 (0.85)a 0.99 0.50 Daian,1988[26]
Mortar (35 �C) 0.096 0.685 (0.167) 0.145 (0.47)a 0.664 (0.84)a 0.97 0.50
Mortar (35 �C) 0.116 0.864 (0.167) 0.145 (0.965)a 0.802 (0.8)a 0.93 0.50
Mortar (45 �C) 0.100 0.747 (0.167) 0.145 (0.6)a 0.69 (0.8)a 0.92 0.50
Concrete 0.15 1.308 0.126 1.19 0.91 0.40 Leech et al., 2003 [27]
Mortar (W60O) 0.424 (2.4) 2.10 0.210 2.019 (0.84)a 0.96 0.60 Hazrati et al., 2002 [28]
Mortar (W40O) 0.266 (1.98) 1.80 0.155 1.716 (0.87)a 0.95 0.40
Mortar (W25O) 0.063 (0.77) 0.654 0.100 0.630 (0.82)a 0.96 0.25
calcium silicate plate 7.61 10.00 0.81 9.4 0.92 Carmeliet et al., 2004 [29]
Ceramic brick 1.66 12.98 0.15 11.06 0.85
A3 0.735 6.24 0.13 5.66 0.91 Kang et al., 2013 [30]
C3 0.537 4.92 0.11 4.88 1.00
D2 0.613 5.7 0.12 5.11 0.90
O3 0.930 7.878 0.13 7.16 0.91
XT1 0.187 1.788 0.0906 2.062 1.15 Zhao et al., 2018 [31]
CT1 0.081 1.688 0.0540 1.494 0.88
Lepine limestone 0.767 (4.52) 3.63 0.239 3.209 (0.71)a 0.88 – Carpenter et al., 1993 [33]
Sand 8.22 43.00 0.200 41.12 0.96 – Wang et al., 1988 [34]

Values of s, k and hc between brackets are calculated in this work from reported values in literature. a calculated based on the corresponding values of s, k and hc between
brackets.
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A

Fig.7a. sharp water front. The area under the curve (s) ~ k* hc.

0
φ

θ
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kk( at half θc)

B

Fig.7b. The area under the curve (s) is lower than k* hc.
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investigated and the proportionality constant is the capillary
porosity. Such finding was confirmed by analyzing results in liter-
ature for many porous building materials. Capillary absorption
coefficient (k) can be predicted with the knowledge of the capillary
porosity and sorptivity which can be determined gravimetrically.
The predicted values of k were found to agree with the experimen-
tal ones at half value of capillary porosity. Capillary absorption pro-
cesses depend on the sealing materials used to cover the surface of
the samples investigated. Acrylic paint as a sealing agent hampers
the capillary absorption processes more effectively than the slurry
adhesive coat.
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