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Introduction 

The process of drying of capillary-porous media has 
been studied for at least a century with standard tech-
niques as weight and temperature measurements [2, 
3, 14, 18]. The neutron radiography (NR) has been 
introduced into the subject of water migration within 
the porous media during the last decades of the 20th 
century [4–6, 8–13, 15–17, 20, 21]. The NR has been 
proved to be excellent tool for determination of the 
spatial water distribution inside granular capillary-
-porous media [10–12, 20, 21]. The main merit of this 
imaging technique is a high contrast between images of 
the dry and wet regions of the sample body [1, 7]. This 
advantage is due basically to very high incoherent scat-
tering of thermal neutrons on hydrogen nuclei, which 
removes neutrons from the incident beam producing 
dark regions in the images of water containing part of 
the samples. In effect the drying front and its motion 
across the sample volume can be easily visualized and 
quantified from the recorded sequences of neutron 
radiographs. 

Drying of the capillary-porous objects is a multistage 
process the different stages of which are convention-
ally distinguished by different rate of mass loss of the 
sample [2, 3, 18, 19]. The first period of very high rate of 
mass decrease has been named the constant rate period 
(CRP) due to almost linear dependence of the mass on 
time. The CRP is followed by two falling rate periods 
(FRP) which differ in mechanism of water transport 
from the sample body to the sample surface. For the 
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second FRP analysis, the concept of the receding dry-
ing front (RDF), separating the dry outer region from 
the wet central core, has been introduced and applied 
in analysis of the local temperature evolution over the 
sample [14, 19]. The drying front and its motion has 
been observed recently in wet quartz sand cylindrical 
samples with neutron radiography leaving no doubt of 
its existence [12]. 

In this work we studied the rectangular samples 
of a rigid capillary-porous system formed by the aged 
mortar designed for special constructions [5, 15]. Our 
aim was to investigate the drying process with particular 
objective of receding drying front analysis. The process 
was studied for the same sample first with all six bound-
ary surfaces exposed to the drying air and then after 
insulating its four side walls. 

Experimental 

The experiments were carried out at the neutron and 
gamma radiography station (NGRS) at the MARIA 
nuclear research reactor of National Centre for Nuclear 
Research (NCBJ, Otwock, Poland) [4, 8, 9, 16, 21]. The 
drying process was observed with on-line registration of 
the sample mass and temperature as well as sequences 

of neutron radiographs for the whole process. The 
experimental system was essentially the same as de-
scribed previously [10–12] for drying of kaolin clay and 
quartz sand cylinders. The sample was dried in a drying 
tunnel with a 60°C hot air stream flowing from above at 
a rate of 0.03 m3·s–1 (stream speed ~3 m·s–1). The sample 
temperature and mass were recorded every 10 s and the 
neutron radiographs every 2 s. Before image analysis, 
preprocessing procedures including the correction of 
pixel brightness for the black current, normalization for 
neutron beam flux fluctuations, as well as the median 
filtering were applied. 

The sample was a rectangular block of 48 × 52 × 
14 mm made of aged special mortar, which was 
saturated with water by immersion for 48 h. With the 
effective porosity of the mortar of ~60%, the initial 
mass content of water in the sample was ~29%. The 
same sample was investigated first with all its surfaces 
free and then after painting its four lateral sides with 
two layers of acrylic paint with the top and bottom 
surfaces left uncovered. 

The sample was placed at a distance of ~70 mm 
from the detector screen on an aluminium support rod 
with its lower end resting on the electronic balance tray. 
The balance provided standard accuracy of 0.1 g. The 
mass of the dry sample was 34.1 g before and 35.5 g after 

Fig. 1. The time dependence of sample mass and temperature during drying. The diagrams a, c and e correspond to the non-
-painted, and b, d and f to painted samples, respectively. 
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painting, respectively. The sample support incorporated 
a K-type steel sheathed thermocouple of 0.5 mm in diam-
eter. The thermocouple penetrated the sample vertically 
from its lower end with thermocouple head placed at a 
distance of ~15 mm from the sample bottom. 

Results 

The sample mass decreased very fast during the first 
drying period, which was completed during first ~2500 s 
of the process for non-painted sample and ~25 000 s for 
the painted one (Figs. 1a and 1b). The temperature inside 
the non-painted sample during that period levelled off at 
~25°C after fast initial increase from  room temperature 
for the non-painted sample (Fig. 1c). No trace of such 
stable temperature inside the painted sample was found 
(Fig. 1d). At the end of that period, the water content 
was less than 2%. The changes in the sample mass turned 
unnoticeable after ~4800 s and ~48 000 s, respectively 
of the process (Figs. 1a and 1b). The second fast increase 
in the non-painted sample temperature to ~50°C was 
observed close to 3000 s (Figs. 1c and 1e) and afterwards 
the temperature was steady for the next ~1000 s until 
10 000 s of the process. Then, the temperature increased 
to ~58°C, close to the drying air temperature. In the 
painted sample the change of temperature was markedly 
different, the increase was very steep initially until 
50°C was reached. Then, a slow rise in temperature to 
53°C was observed followed by an increase to 58°C at 
~9000 s. The different drying periods are not as well 
discernible for the painted sample as for the non-painted 
one (Figs. 1d and 1f). 

The time dependence of the water content and 
temperature corresponds to the changes in brightness 
of the neutron image of the sample. At the beginning, 
the sample was uniformly saturated with water (Figs. 2a 
and 2f). However, in the advanced period of drying the 
darker region separated from the sample’s boundary 
emerged (Figs. 2b–2d, 2g–2i). That darker region was 
separated from the lighter layer by a discernible drying 
front. This drying front was moving towards the centre 
of the sample. For the non-painted sample the image of 
the wet core region was central rectangle surrounded by 
light grey dry sample areas. For the painted sample, the 
image of the dry region was of the form of a bit irregular 
horizontal dark strip attaining a wedge-like shape. At the 
end of the process, the sample image was almost uniform 
(Figs. 2e and 2j). One should note that the duration of 
the drying process is almost ten times longer for the 
painted than for the non-painted sample. 

Neutron image analysis 

We analysed the neutron images using two different 
approaches. In the first approach we used statistical 
methods to determine the global parameters describing 
the sample image. In the second method the absorp-
tion of neutrons by different parts of the sample was 
considered. 

In the stochastic analysis we treat the sample image 
as a stochastic matrix with elements corresponding to 
the image pixels and given by brightness of the pixels. 

The sample image was cropped from all the sequences 
of the recorded neutron radiographs with a simple pro-
cedure. In particular, the sample image was a matrix with 
310 × 330 elements of integers from 0 to 255 (in case of 
8 bit encoding of the grey level). For each sample image, 
the brightness histogram H(b) was determined. Since 
in the case of discrete stochastic variable b, the H(b) is 
the number of pixels with a given brightness b it was eas-

           t = 16 300 s                                    t = 111 000 s

             t = 1900 s                                      t = 1800 s

             t = 4000 s                                     t = 13 000 s

             t = 6300 s                                     t = 46 000 s

             t = 8000 s                                     t = 77 000 s

Fig. 2. The time evolution of the sample image during the 
advanced stages of drying. The pictures a–e present the images 
of non-painted samples. The pictures f–j are the images of 
painted samples. The evolution time is given below pictures. 
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Fig. 3. The changes in grey level histograms of the sample images during drying. The histograms a–e correspond to the non-
-painted, and f–j to painted samples, respectively. 
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ily calculated with ImageJ software package. The time 
evolution of the image histogram revealed very profound 
changes in its shape during drying (Fig. 3). At the begin-
ning, H(b) consisted of a single peak corresponding to 
uniform image with dark grey pixels (Figs. 3a and 3f). 
Then, a broadening and shift of the histogram to the 
larger b region was observed (Figs. 3b and 3g). Further 
on its shape became a broad distribution with two marked 
maxima (Figs. 3c and 3h). At the end, the plot of H(b) 
was close to one peak and a narrow two peaks distribu-
tion for non-painted and painted sample, respectively 
(Figs. 3e and 3j). 

For further analysis, simple statistical parameters, 
the average brightness <b> and brightness standard de-
viation Δ, were determined using the usual definitions: 

(1) 

(2) 

The plot of average brightness of the sample image 
vs. time exhibits a fast increase at the initial period of 
drying (Fig. 4). The saturation of the average bright-
ness for large times (~104 s for non-painted and 105 s 
for painted sample) was found. 

The standard deviation of brightness is the simplest 
measure of diversification of grey levels of image pixels 
produced by emerging patterns like the wet core region. 
The standard deviation plotted vs. time exhibits for 
the studied sample a single maximum for ~4000 s 
for non-painted sample and at ~40 000 s for painted 
one (Fig. 5). 

In a standard approach [1, 6, 7, 13, 16, 17, 20] 
the local brightness at the point (x,y) of the imaging 
plane is analysed in terms of the Lambert-Beer law: 

(3)  

where I0 and I are the intensities of the incident and 
transmitted neutrons, respectively. The parallel beam 
is assumed to impinge in the normal direction on the 
imaging plane and the neutron macroscopic cross-section 
Σ and the neutron path length L inside the sample are 
determined along the projection line meeting the (x,y) 
point. Since the macroscopic cross-section for water is 
dominated by neutron scattering, the distance from the 
sample to the detector plane is chosen larger than 
the sample width to minimize the contribution of scat-
tered neutrons to the sample image [6, 13, 20]. That 
contribution is evidently smaller if L is less than the 
neutron mean free path Σ–1. 

After all image corrections (black current and image 
normalization) the intensity of the transmitted neutrons 
is proportional to the local image brightness and the 
macroscopic cross-section can be calculated. Here, we 
present the analysis performed for the vertical line plot-
ted through the centre of the sample image. The plots of 
the brightness vs. the position on the line are well-like 
shaped (Fig. 6). The increasing brightness of the im-
age is clearly demonstrated as decreasing depth of the 
brightness vs. position plots. The emerging darker region 
in the sample centre is observed as decreasing width of 
that plot. The height of that region was easily estimated 
(Fig. 7). It is evident that at the initial periods of dry-
ing the wet core region covers the whole sample. Then, 

Fig. 4. The time variations of sample image brightness for the 
non-painted (a) and painted (b) samples. 

( ) / ( )n nb b H b db H b db= ∫ ∫
1/2

22b b⎛ ⎞Δ = −⎜ ⎟
⎝ ⎠

Fig. 5. The time variations of the standard deviation of the 
sample image brightness for the non-painted (a) and painted 
(b) samples. 

0( , ) ( , ) exp[ ( , ) ( , )]I x y I x y x y L x y= −Σ
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its size decreases until its ultimate disappearance. The 
calculated macroscopic cross-section decreases initially 
very steeply to reach almost steady value before a sudden 
drop to zero for the eventually dry sample (Fig. 8). 

Discussion 

The time dependence of the mass and temperature 
of the non-painted and painted samples provides no 
marked signs for different periods of drying process 
(Fig. 1). The short period of steady temperature for 
non-painted sample provides only a weak signature 
of the constant drying rate period. That feature of the 
rectangular sample drying is in a marked contrast to 
the process evolution in wet quartz sand cylinders where 
different phases of drying were clearly delineated with 
classical measurements [12]. On the other hand, the 
time dependence of the image global statistical pa-
rameters provide a possibility to distinguish different 
periods of drying for the rectangular sample. In particu-
lar, the observed maximum in the time dependence of 
the standard deviation of the image brightness can be 
used to determine the start of the last period of drying 
with existence of wet inner core limited by the receding 
drying front. 

The flat spatial distribution of brightness within the 
sample images suggests that the scattered neutrons 
contribution is negligible [6, 13, 20]. This effect is due 
to the appropriately large sample to detector distance 
and the small sample thickness (14 mm) in comparison 
to the average neutron free path, which increases from 
~15 mm, at the initial wet state, to ~100 mm at the final 
drying stage (Fig. 8). The effect of multiple scattering 
on image brightness is here less discernible than in a 

 

Fig. 6. The relative brightness profiles for vertical central line 
for the non-painted (a) and painted (b) samples. The time of 
the process is indicated above the corresponding plots. 

 

Fig. 7. The time dependence of the height of the inner wet 
region inside the receding drying front. 

Fig. 8. The time dependence of the effective neutron macro-
scopic cross-section calculated for the wet inner region.
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rather thick (diameter of 35 mm) cylindrical specimen 
where the scattered neutron contribution was significant 
for the first drying period [10–12]. In the advanced pe-
riod of drying, when the wet core begins to shrink, we 
can assume that the saturation of that region with water 
does not change and its thickness decreases similarly to 
its other dimensions. 

Conclusions 

Neutron radiography was successfully applied in the 
studies of drying of the rectangular block sample of 
aged concrete. The sample with all surfaces exposed 
to the drying air as well as with four sides painted was 
investigated. The receding drying front was unambigu-
ously observed in both cases. The difference in drying 
process of the sand cylinder and mortar rectangular 
samples was clearly revealed. 

It was demonstrated that the statistical approach 
to neutron image analysis yields a simple description 
of the drying in terms of the parameters calculated 
from the sample images recorded during the process. 
The analysis of the average brightness and its standard 
deviation permits to distinguish the important stages 
of the drying process. We confirmed that the standard 
image analysis permits to determine the distribution 
of water inside the sample. Our results support the 
merits of thermal neutron radiography in studies of 
the drying process. 
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