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Abstract 
This paper deals with experimental investigation of fluid penetration processes in natural stones by utilization of X-ray 
radiographical methods. Long-term exposure of building materials to weathering effects leads to their deterioration and 
consequently to reduction of the building’s bearing capacity. Here understanding of fluid transport processes in porous natural 
stones is fundamental for development of appropriate measures (e.g. conservation, consolidation) for their mitigation. In our 
previous study we investigated fluid penetration process in porous Maastricht calcarenite commonly used for restoration purposes 
experimentally by real-time radiography as well as numerically by utilizing finite element method (FEM) for simulation of 
steady-state fluid flow through a porous medium. Here, we extend our findings by employment of advanced dual-source/dual 
energy (DSCT/DECT) radiographical system TORATOM designed as a multi-purpose X-ray imaging device equipped with two 
pairs of X-ray tubes and detectors in an orthogonal arrangement with independent control of beam parameters. The device 
developed at the Centre of Excellence Telč was used for real-time dual source observation of fluid penetration process in two 
mutually perpendicular directions in specimens with fluid source/specimen width ratios 0.06 - 0.1. Furthermore, DSCT 
measurement of intact sample was used to develop detailed volumetric model of the investigated material for 3D FE simulation 
of the penetration process. The radiographical measurements were used to evaluate saturation characteristics (i.e. saturation 
time/saturation depth and saturation depth/saturated volume ratios) in two different scenarios to improve understanding of natural 
processes during in-situ water uptake measurements and application of conservation methods on historical objects. 
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1 Introduction 
One of high priorities of modern societies worldwide has become development of systems for protection of built heritage and 
provision of its long-term sustainability [1]. Because significant part of historical buildings and sculptures was made using porous 
stones (i.e. limestones), the weathering agents (such as rain, wind or thermal changes) may cause not only degradation of their 
visual appearance but also potentially dangerous structural damage. In order to develop appropriate intervention measures and 
conservation techniques it is necessary to assess the preservation state of the investigated object on regular basis so that 
qualitative and quantitative characterization of material degradation is given. Simultaneously, fluid flow and capillary uptake 
properties related to both material degradation effects and common restoration methods (i.e. application of liquid consolidants) 
have to be thoroughly investigated. 
Many historical objects in Europe were built using different types of porous limestones. Development of appropriate measures 
for mitigation of weathering effects for these types on natural stones requires understanding of fluid transport processes within 
their microstructure [2]. As we have shown in our previous radiographical study [3] conventional measurements using 
instrumented microtube give insufficient information about actual fluid uptake properties of the material and more sophisticated 
methods capable of investigation of processes within the material’s microstructure have to be used. Thus utilization of X-ray 
radiography may significantly improve understanding of results of in-situ water uptake measurements and effectiveness of 
consolidant-based restoration measures [4]. 
In this paper, we extend our previous study on characterization of fluid penetration process in porous Maastricht calcarenite 
using single source X-ray imaging by employment of advanced dual source/dual energy microtomography (DSCT/DECT) 
radiographical system. The X-ray imaging device has been used for improvement of both experimental and numerical methods 
so that acquired results reflect phenomena in real in-situ measurements better. Continuous dual source observation of fluid 
penetration process in two mutually perpendicular directions was used to investigate fluid penetration characteristics in two 
different scenarios. Cube shaped specimen was subjected to dispersion of finite volume of fluid to study processes during 
practical in-situ measurements/ intervention measures where volume of material being influenced by the fluid is significantly 
higher than volume of fluid itself. Then to characterize fluid behavior in thin layers such as facades and claddings specimen 
having high width to height ratio were used in a series of single source continuous measurements. Moreover, dual-source X-ray 
computed microtomography scanning was carried out to develop detailed voxel finite element model of the material that will be 
suitable for 3D transient numerical simulations of the fluid penetration analysis using finite element method (FEM). 
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2 Maastricht calcarenite 
For purpose of this study, cuboid specimens of Maastricht calcarenite were subjected to experimental fluid flow analysis. This 
natural porous stone of limestone class is recently mainly used for restoration purposes thanks to its relative simple machinability 
and mechanical properties comparable to other common historical building materials [5]. The microstructure of the material is 
constituted of sub-angular grains composed of sparitic calcite and micritic calcite with occasional occurrence of silicatic grains 
whereas scarce binder is dominantly composed of sparitic calcite. From the microstructural point of view the material is well 
suited for radiographical and tomographical measurements thanks to coarse-pore type of porosity with dominant size of 
pores ねは μm [6]. 
For the continuous radiographical imaging two sets of specimens were prepared using high precision saw: i) cubical specimens 
with dimensions ぬど × ぬど × ぬど mm (width, height, thickness) for investigation of fluid penetration processes in large volumes 
using finite volume of fluid and ii) cuboid specimens with dimensions のど × にど × など mm for characterization of fluid penetration 
processes in thin facial layers. Measurement was performed with three samples of each type. For the development of detailed 
voxel FE model a column specimen with square cross-section and dimensions など × にど × など mm was used. Average values of 
water accessible porosity and water absorption by immersion of our samples were のど.ぬ % and ぬね.ね %, respectively. 

3 X-ray radiography and microtomography 
Both the continuous imaging of water penetration tests and microtomography for the development of the detailed FE model was 
performed using modular DSCT/DECT micro-tomography device TORATOM developed in Centre of Excellence Telč [7]. The 
device was used in three different operating modes: i) dual-source continuous imaging of large volume samples penetrated by 
finite volume of fluid, ii) single source continuous imaging of facial samples and iii) dual-source microtomography for 
development of detailed FE model. 
During the dual-source measurements both available X-ray sources were utilized: i) XWT 160 TCHR (X-Ray WorX, Germany) 
microfocus transmission type X-ray tube and ii) XWT 240 SE (X-RayWorX, Germany) high-energy reflection type X-ray tube. 
As the X-ray sources can operate with the same spot size of の μm, beam geometry and voltage in range など × なはど kV up to target 
power にの W the micro-tomography device can be successfully utilized for high-resolution dual source radiography. In this study, 
the X-ray sources were set to the following settings: emission spot size 5mm, target voltage 100kV and target current なはに μA 
resulting in target power なは.に W. In the single-source measurements of fluid penetration processes in the facial layers, only the 
XWT 240 SE X-ray tube with the same settings was used. Acquisition was carried out using large area flat panel GOS scintillator 
X-ray detectors XRD1622 (PerkinElmer, USA) with active area ねなど × ねなど mm, resolution にどねぱ × にどねぱ px and pixel size にどど μm. Arrangement of the radiographical setup is depicted in Figure 1. 
 

 
Figure 1: Overview of TORATOM DSCT/DECT micro-tomographical device (left), single axis view of the setup arrangement (right). 

Individual radiographs in all measurements were acquired using な × な s exposure time. Acquisitions were performed at 
maximum readout rate な fps limited by the detector electronics. Dualsource tomographic scanning was performed in に × はどど 
projections with ど.ぬ° angular step. Control of the imaging procedures and acquisition of the radiographical projections was 
performed using Pixelman software [8] (IEAP, Czech Republic) together with custom Python and C++ tools for real-time parallel 
acquisition from both flat panel detectors. Setup geometry is summarized in Table 2.2. 

 
Specimen Large volume, DSCT Facial layer 
Focus – detector distance なにぬど mm なにぬど mm 
Focus – sample distance なにぬ mm にどの mm 
Magnification など × は × 
Pixel size にど μm ぬぬ.ぬ μm 
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Beam hardening correction for linearisation of the material’s attenuation range [9] was applied on all acquired radiographic 
projections. During the correction procedure a set of aluminium calibrators (thicknesses ど.な − にど mm) that covered the whole 
attenuation range of the specimens in their widest part was irradiated. The image data were corrected using the attenuation curve 
fitted through the measured Al calibrators’ thicknesses. For the development of microstructural FE model the dual-source CT 
reconstruction was carried out in Volex software (Fraunhofer-Allianz Vision, Germany). Resolution of the reconstructed three 
dimensional image was ぱどど × ぱどど × なにどど px at voxel size ≈ にど mmぬ. 

4 Water absorption testing 
Laboratory realization of the microtube device designed for simulation of practical in-situ fluid uptake measurements was used 
during the experiments (see Figure 2). The device equipped with polymeric hose having inner diameter ぬ mm was mounted on 
custom designed high precision 3-axis motorized stage controlled using in-house interface based on GNU/Linux real-time 
operating system. The experiments were driven by setting fluid level difference in the communicating vessels formed by the 
output from capillary tube and fluid reservoir. In order to increase contrast in the continuous radiographical measurements the 
specimens were saturated by water-iodine solution using Optiray 240 nonpyrogenic, aqueous solution based on ioversol non-
dissociating chemical compound. Povidone medical iodine solution (EGIS Pharmaceuticals PLC, Hungary) in amount of の vol % 
was added to the solution to enable observation of the experiments by low-light remote camera in the measurement chamber 
while maintaining physical and chemical properties of the solution. Large volume cubical specimens were saturated using なのどど mmぬ of contrast solution, the facial layer specimen was saturated using solution volume larger than its volume accessible 
by water according to porosimetry results (i.e. >  のどどど mmぬ). 
 

 
 

Figure 2: Intact large volume specimen with visible saturation fluid level before experiment (left), 
saturatedfacial layer specimen after measurement (right). 

5 Finite element analysis 
The fluid penetration process was simulated as a fully volumetric problem. FE model was generated directly from the 3D image 
by converting every image pixel to one 8-node hexahedral element with linear shape function. The element type suitable for 
nonlinear porous flow analysis was formulated such that every node had one pressure degree of freedom (DOF). Local relative 
permeabilities of the material at the level of individual elements were determined according to image intensity of the respective 
pixel in the reconstructed 3D image. Boundary conditions were prescribed in consistence with the microtube experimental 
testing. The material-air boundary was considered as impermeable. Loading was performed by defining pressure on the outer 
surface of the model. Solution of nonlinear steady-state fluid flow through a porous medium was performed in order to obtain 
velocity distribution in the porous medium and to assess effective Darcy’s flux in the material. The resulting large-scale micro-
structural FE model with resolution にぬば × ににぱ × ねなば px was developed from the reconstructed 3D image using に戴 binning 
procedure to reduce computational complexity of the problem. The model contained ≈ なな milions of nodes and solution of the 
simulation was performed on a high-performance workstation. Visualization of the reconstructed 3D model is shown in Figure 3. 
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Figure 3: Visualization of the reconstructed 3D image from DSCT measurement - macroscopical view of 
the specimen (left), transversal slice through the specimen showing its porous structure (right). 

6 Results 
Two sets of specimens prepared from Maastricht calcarenite to study behavior of fluid propagating through porous natural stone 
corresponding to practical in-situ measurements of fluid absorption characteristics. Dual-source continuous radiography was 
utilized for investigation of behavior of finite fluid volume in large-scale specimens whereas single-source continuous 
radiography was employed to reveal properties of fluid propagating through facial layer specimens. Selected radiographical 
projections from both scenarios are shown in Figure 4. 
It can be clearly seen that in both cases the face of fluid propagating through the material exhibits semi-spherical geometry as 
the fluid source/specimen width ratio is equal or higher than 0.1 which is consistent with our previous results. For calculation of 
saturation characteristics the acquired radiographical projections were subjected to image segmentation procedures and treated 
according to differential radiography principles [10]. During the procedures image processing techniques including adaptive 
noise reduction, adaptive thresholding and morphological opening/closing were applied in order to obtain binary image with 
single compact region representing the saturated area in the respective projection. Then saturation characteristics in terms of 
saturation time/saturation depth, saturation time/saturated volume and saturation depth/saturated volume relations were 
calculated from series of radiographical projections. For this reason results from dual-source measurement in two orthogonal 
directions were used for experimental verification of semi-spherical shape of fluid wave’s face in quasi-infinite body. Hence all 
non-rectangular segmented regions in individual projections were treated as spherical domes and as such considered in all 
volumetric calculations. Obtained results are shown in Figures 5 - 8. 
 

 
 
Figure 4: Visualisation of fluid wave propagation: cubical specimen simultaneously observed in two perpendicular directions (left, middle), 

facial layer specimen (right). 
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In the Figure 5, identified depth of fluid penetration in both perpendicular directions is plotted against time showing negligible 
differences in acquired characteristics for both imaging chains proving suitability of the experimental setup for precise 
measurements. 

 

Figure 5: Large volume specimen - depth of penetration plotted against saturation time for both imaging chains. 

 

Nonlinear concave nature of the studied process in case of time-dependent saturation-depth characteristics are evident in both 
experimental scenarios (Figures 5 - 7). Gradually decreasing speed of penetration can be seen in the large volume cubical 
specimens and approximately from the � =  はどど s the process slowly reaches the asymptotic depth of ≈ にばmm. The difference 
of values from both measurement axes was lower than な %. The diagram corresponding to the facial layer specimens can be 
divided to two parts. At first the curve exhibits nonlinear character analogical to previous scenario which is then followed by 
constant phase. When compared with radiographical projections it is clear that the nonlinear part belongs to vertical propagation 
of fluid wave until bottom face of specimen is reached. After that at � =  ねに s the fluid begins to saturate the microstructure in 
direction perpendicular to the axis of polymeric hose (saturation axis), which is apparent when we confront this statement with 
temporal plot of lateral distance from the saturation axis reached by the fluid (Figure 6 right). 

 

Figure 6: Facial layer specimen - depth of penetration plotted against saturation time (left), 
lateral distance from saturation axis plotted against time (right). 

 

Time-dependent volumetric characteristics of the saturation process (Figure 7) are in case of large volume specimens similar to 
temporal depth characteristics when the process slowly reaches the asymp totic volume ≈ に.ぬ ∙ など替 mm戴. However the curve 
related to inspection of the facial layer specimen is significantly different as two linear regions are clearly apparent. The first 
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linear part belongs to vertical propagation of fluid wave and is at � =  ねに s followed by the second linear part with lowerthan-
half slope of tangent corresponding to lateral propagation of fluid from the saturation axis. 
 

 
 

Figure 7: Saturated volume plotted against saturation time - large volume specimen (left) 
and facial layer specimen (right). 

 
The saturation depth/saturated volume relations (Figure 8) show in both experimental scenarios convex nonlinear shape in the 
beginning of the experiment followed by linear region in case of large volume specimens or by gradual linearization of the curve 
in case of facial layer specimens. 
Further investigation of the studied processes was performed numerically using steady-state FE analysis based on detailed voxel 
3D model generated on the basis of dual-source microtomography. For this reason, FE model with resolution のねひ × のねね ×ぱはに px was generated directly from the 3D reconstructed image by converting every image voxel to one 8-node hexahedral 
element suitable for nonlinear steady-state or transient porous flow analysis. Physical properties of the material were set in the 
FE simulations as relative permeability of every voxel based on image intensity in the reconstructed image. 

 

 

Figure 8: Saturated volume plotted against saturation depth - large volume specimen (left) 
 and facial layer specimen (right). 

Results in form of fluid velocity vectors were calculated from the FE simulation and visualization of the fluid velocity in the 10-
elements wide section of the specimen parallel to saturation axis can be seen in Figure 9. In the figure, fluid from microtube 
enters the porous material from the right side and propagates through the material according to its microstructure. In the region 
close to microtube, fluid fills material around location of penetration and vector directions are pointing towards specimen edges, 
which corresponds, to propagation of semi-spherical wave in the material. When fluid reaches specimen edges on all sides fluid 
flow homogenizes resulting in dominating vector direction parallel to longitudinal axis of the specimen. From this region mean 
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fluid flow velocity can be used to obtain effective Darcy’s flux according to relation � = �Def� , where � is the fluid velocity 

(velocity of a conservative tracer carried by the fluid through the porous microstructure), �Def is effective Darcy’s flux and � is 
porosity of the material. For the measured porosity � =  ど.のどぬ and obtained mean fluid flow velocity �FEM  =  ぱ.どぬ mm/min, 
the effective Darcy’s flux �Def =  ぬ.ぬは mm/min  was calculated. These values are close to results obtained during the real-time 
imaging where average penetration speed equals to �exp  =  ぱ.ねに mm/min. 

 
Figure 9: isualization of fluid velocity distribution in the material obtained from FE simulation of the 

experiment. 

7 Conclusion 
Fluid penetration process in porous Maastricht calcarenite was studied using X-ray radiography in two different scenarios, as 
radiography is a method suitable for inspection of investigated phenomena within the material’s microstructure. State-of-the-art 
DSCT/DECT radiographical device was employed for continuous measurements of the fluid penetration characteristics in 
cubical specimens saturated by finite volume of fluid and in facial layer specimens. Furthermore, dual-source microtomography 
of intact specimen was performed in order to develop detailed 3D voxel model of the material’s microstructure. The model was 
used in steady-state FE simulation to calculate the fluid flow velocity and the Darcy’s flux of the materials microstructure. The 
results from dual-source imaging experimentally verified semi-spherical shape of fluid wave’s face propagating through the 
quasi-infinite body. The acquired relations characterizing the fluid penetration in both scenarios offer better insight into the 
natural processes present during in-situ water uptake measurements and can be used during development of advanced 
intervention measures and conservation techniques for historical objects. 
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