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Abstract 

Neutron and X-ray tomography (NCT and XCT, respectively) are imaging techniques increasingly being 

applied in geomechanics research. They are used to non-destructively reveal different microstructural aspects of 

geomaterials: XCT is often used to observe/quantify differences in density or porosity, while NCT reveals the 

presence and distribution of hydrogenous materials such as water. The correlated use of NCT and XCT for 

geomechanics and geotechnics research is in its infancy. To this date, very few experiments have been carried 

out that combine both techniques, and none have been used to investigate geomaterial-structure interaction. This 

paper presents the first correlative NCT-XCT imaging study of pile installation. A scaled model pile was 

installed in an unsaturated intact chalk cylinder and in-situ NCT and ex-situ XCT synchrotron-based imaging 

was applied consecutively. Chalk was used because the behaviour of displacement piles installed in this material 

is still subject to considerable uncertainty. Results reveal for the first time the interaction between installation-

induced changes in chalk density and water distribution variations, with evidence of water displacement into the 

densified material in the vicinity of the installed pile. A straightforward method for correlative bulk density-

moisture content determination from NCT-XCT images of geomaterials are presented and their limitations 

discussed. 

Keywords: Chalk; micro-CT tomography; soil/structure interaction; piles & piling 
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Introduction 

Steel piles are often driven into the Chalk formations of northern and north-western Europe to 

support various types of buildings. They are extensively used as foundations for offshore 

wind power infrastructure (see e.g. Le et al. (2014), Muir Wood et al. (2015), Mortimore and 

James (2015) and Geduhn et al. (2018)). Their widespread use has recently led to intensive 

research interest due to the significant uncertainties pertaining the estimation of their loading 

capacity, which impacts foundation design, deployment costs and environmental impacts 

(Kallehave et al., 2015; Kaldellis and Apostolou, 2017; Jardine et al., 2018; Spyroudi, 2021). 

These uncertainties largely arise from the substantial changes undergone by the highly porous 

microstructure of chalk, a soft biomicrite, during pile installation (Hobbs and Atkinson, 1993; 

Lord et al., 2002). Some of these changes have been recently revealed by X-ray computed 

tomography (XCT) applied to physical models mimicking pile penetration (Alvarez-Borges 

et al., 2018; Alvarez-Borges et al., 2021). XCT is a non-destructive technique able to map the 

internal structure of geomaterials in 3D based on their bulk densities. The application of XCT 

to observe pile penetration mechanisms in other geomaterials such as sands and clays has also 

gained popularity (see e.g. Paniagua et al. (2013), Silva and Combe (2015) and Doreau-

Malioche et al. (2018)). 

Neutron computed tomography (NCT) is another non-destructive 3D imaging technique that 

has relatively recently drawn the attention of geotechnical scientists (Perfect et al., 2014; 

Tengattini et al., 2021). This technique involves the use of neutrons to produce 3D images of 

the internal structure of objects. Neutrons are especially sensitive to hydrogenous materials 

such as water while at the same time being able to penetrate dense matter with ease, 

something that is often challenging with X-rays. Thus, NCT reveals aspects of the internal 

structure of geomaterials that are often not accessible with XCT methods, primarily the 

distribution of pore water. 

The combined used of XCT and NCT for geomechanics research has only recently began to 

be explored in depth (see e.g. Kim et al. (2013), Stavropoulou et al. (2020) and Syed et al. 

(2021)). These works have demonstrated that the combined techniques deliver valuable 

information on the characteristics and behaviour of unsaturated materials. However, their use 

is yet to become extended. A significant constraint is the very limited availability of facilities 

that can perform both XCT and NCT imaging (Kaestner et al., 2016; LaManna et al., 2017; 

Tengattini et al., 2020). Thus, while some initial correlative XCT-NCT scanning for 

geomechanics and geotechnics research has been carried out in the last few years, this 

technique has not yet been applied to investigate pile penetration processes in geomaterials, 

to the authors’ knowledge. The present paper aims to set precedence on this matter by 

presenting an investigation of pile penetration in unsaturated chalk using both NCT and XCT 

applied to physical models. The specific objectives of this research were (1) compare neutron 

imaging-based pore water content inferences with X-ray imaging-based bulk density 

estimations, and (2) observe and measure the effect of pile installation on water content and 

bulk density measurements. 

NCT and XCT imaging was carried out at synchrotron facilities hosted by the Rutherford 

Appleton Laboratory (RAL) in Oxfordshire, United Kingdom. While RAL benefits from the 

synchrotron-driven high-resolution and high flux capabilities of these facilities, and from 

their close proximity, simultaneous synchrotron-based NCT and XCT scanning is not 

currently possible (anywhere in the world). Instead, NCT imaging of pile installation was 

carried out in-situ, whereas XCT scanning was performed ex-situ (i.e., the sample was moved 

from one facility to the other). The size of the physical model, confinement conditions, pile 

materials and penetration rate were chosen to suit experimental and imaging conditions and 
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were not intended to be consistent representations of full-size pile installation. Rather, the 

models reflected basic pile penetration mechanisms in chalk that could be studied using 

correlative NCT-XCT imaging. 

Materials and methods 

The experiment consisted in carrying out in-situ NCT scans before and after the installation 

of a solid, flat-tipped stainless steel model pile into a partially saturated intact chalk cylinder, 

followed by ex-situ XCT imaging of the sample with the embedded pile. Microstructural 

features and changes in the water content and density of the chalk sample induced by pile 

installation were then analysed via the correlation of NCT and XCT images. 

Experimental set-up 

Sample characteristics 

An intact chalk block was collected at a quarry near St. Nicholas-at-Wade in Kent, in 

southeast England. Site descriptions are available in Buckley (2018) and Alvarez-Borges 

(2019). The block was cut from the Seaford Chalk formation, which exhibits an average 

calcite (CaCO3) content of about 98% (Hancock, 1975). The measured average intact dry 

density was 1.57 Mg/m
3
, the specific gravity was assumed to be 2.70 (after Lord et al. 

(2002)), and the estimated porosity was 42%. The chalk block was saturated by immersion 

into deionised water infused with chalk powder. 

A cylindrical sample was sculpted out of the intact block using a soil lathe. The sample 

measured 34.90 mm in diameter and about 100 mm in height. Figure 1 depicts a typical 

sample after sculpting. After sculpting, the sample was placed inside an aluminium tube with 

an internal diameter of 35 mm and wall thickness of 2.5 mm. The sample was oven-dried at 

105 °C before scanning. 4 ml of water were added to the top surface of the sample prior to 

pile installation, to attain unsaturated wet conditions. Uniformly distributed, 4 ml of water 

would have theoretically occupied about 10% of the sample pore space. In practice, variable 

saturation levels were anticipated throughout the specimen. 

Test rig and pile installation 

The pile installation rig was designed and manufactured in-house. The rig allowed the 

installation of the 3 mm diameter pile without removing the sample from the tomography 

stage. The rig featured a linear actuator controlled by a Raspberry Pi® microcomputer, a load 

cell, and a reaction frame. The pile was attached to a cylindrical pile cap which fitted into the 

sample tube and guided the vertical movement of the pile. An additional pile-guiding sleeve 

placed on top of the specimen was used to ensure pile verticality. Both the top cap and 

guiding sleeve featured off-centred air-release orifices. All rig elements are shown in Figure 

2. 

Pile installation was carried out by advancing the actuator stem downwards onto the pile cap, 

thus pushing the pile into the chalk specimen. Actuator displacement was controlled using an 

in-built potentiometer, which achieved a penetration rate of about 8 mm/min. The pile was 

installed in a single monotonic push until reaching a tip depth of approximately 30 mm. 

Figure 3 presents the measured loads at the pile head during installation. 

Tomography imaging 

Neutron and X-ray tomography scanning involves the exposure of an object to a neutron or 

X-ray beam to acquire projections (i.e., radiographs) from different angular positions around 

a vertical axis, termed centre of rotation (COR). For synchrotron-based imaging, samples and 

experimental set-ups are mounted on a rotating stage while the beam remains stationary. 

Projection greyscale values are a measure of the beam attenuation properties of the object, 

Downloaded by [ University Of Southampton] on [16/08/22]. Copyright © ICE Publishing, all rights reserved.



Accepted manuscript doi: 
10.1680/jgeot.21.00318 

 

that is, on its ability to absorb or scatter X-ray photons or neutrons. Attenuation is quantified 

as the reduction in beam intensity (It) as it traverses the sample. For monochromatic beams, 

attenuation is controlled by the incident beam intensity (I0), the attenuation coefficient of the 

sample material (μ) and the sample thickness (t). It is described by Beer-Lambert’s Law as: 

                (1) 

Where I0 is the beam intensity as it reaches the surface of the sample, and μ varies with the 

elemental composition of the sample material. Thus, projections contain information on both 

the sample geometry (i.e., its thickness) and chemical composition. 

Water content estimation from neutron imaging 

Neutron attenuation during imaging largely results from the interactions of these particles 

with the nuclei of the atoms that form the sample. Thus, neutron attenuation is related to the 

nuclear cross-section area (and the probability of the neutron interacting with it). 

Consequently, the neutron attenuation coefficient is usually referred to as the macroscopic 

cross-section and is typically denoted by Σ instead of μ. Semantic segmentation methods for 

the quantification of water-filled pore volume in geomaterials are not widely used, as most 

NCT imaging set-ups cannot resolve on individual soil and rock pores (unless the sample 

grain size is substantially larger than the detector resolution; see e.g. Kim et al. (2013)). 

Instead, water content is often derived from Σ values for both NCT and neutron radiography, 

as described below. 

From projection-space pixel grey values 

Neutron imaging-derived volumetric moisture content (θ) in geomaterials is usually 

computed from radiographs or projections (see e.g., Hassanein et al. (2006) and Cheng et al. 

(2012)). This is perhaps due to the relatively straightforward procedure by which sample 

water volumes can be derived from projection space using equation (1). From this equation, 

transmitted intensity measurements may be computed from projections of wet geomaterials 

(It_wet) as: 

                             (2) 

where Σsts and Σwtw are the product of macroscopic cross-section and thickness of the solid 

and water fractions within the sample, respectively. If the same specimen is scanned in dry 

condition (It_dry), it follows that: 

                      (3) 

The normalisation of the projections of the wet sample by those of the dry sample results in: 

                         (4) 

where the theoretical Σw corresponding to the 2.6 Å neutron beam used in this study amounts 

to 0.565 mm
-1

, approximately (NIST, 2021). Thus, θ is defined from neutron projection grey 

values as: 

      
                  

   
     (5) 

by recalling that t is the total sample thickness traversed by the beam. In the present study, t 
varies along the horizontal width of the cylindrical chalk sample as t = 2(r2

 – a2
)
0.5

, where r is 

the radius of the sample and a is the distance from the sample centreline. 
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From reconstructed voxel grey values 

Moisture content estimations from reconstructed voxel grey values (GVs) of NCT images is 

less frequent in the literature than projection-based calculations. This is possibly because, 

unlike projection pixel values, the Σ values represented by voxel greyscale tones do not 

provide directly accessible information on the proportion of water and solids contained within 

the voxel volume, and can be affected by the reconstruction method employed. Instead, 

researchers use Σ/Σw as a measure of water saturation (Sw) for each voxel, by assuming that 

Σ/Σw → 1 would indicate that the entire voxel volume was occupied by water during imaging, 

whereas Σ/Σw → 0 would mean that the voxel volume was completely dry (see e.g., Solymar 

et al. (2003) and Kim et al. (2012)). Thus: 

       
 

  
     (6) 

Naturally, this method assumes that the neutron attenuation contribution of the solid and air 

fractions of the sample is negligible, which is reasonable for highly porous geomaterials with 

low neutron-attenuation properties (Pleinert et al., 1998). For the present case, Σw is about 13 

and 140 times larger than the macroscopic cross-section of calcite (Σ = 0.0408 mm
-1

; NIST 

(2021)) and aluminium (Σ ≈ 0.004 mm
-1

; NIST (2021)), respectively, and several orders of 

magnitude larger than that of air (Σ ≈ 0.0001 mm
-1

 for N2, of which air is mostly composed 

of; NIST (2021)). Considering the volumetric proportions of each material, the NCT-based 

Sw overestimation is anticipated to be less than 4% for intact chalk regions. This value rises to 

about 5.5% for the hypothetical scenario where the entire sample was composed by calcite 

without any air present. A similar conclusion was reached by Kim et al. (2012) pertaining 

silica sand samples. 

Density estimation from X-ray imaging 

In contrast with neutrons, X-rays mostly interact with the electron clouds of the atoms that 

form the sample. Thus, for monoenergetic X-rays, attenuation is approximately linearly 

correlated with the mean effective atomic number of the imaged object. This allows for a 

relatively straightforward link between attenuation and bulk density. This is commonly done 

by correlating the reconstructed GVs of certain materials or regions of the digital volume 

with their known gravimetric bulk densities (see e.g. Mull (1984), Phillips and Lannutti 

(1997)). A similar approach is taken here, where the reconstructed GVs of air, intact dry 

chalk, the aluminium sample tube, and the steel pile were paired with their measured 

densities, as presented in Figure 4. A calibration function was then derived, shown in this 

Figure, and applied to all GVs in the reconstructed data to obtain 3D representations of 

sample bulk density (ρ). 

Neutron and X-ray tomography scanning and reconstruction 

NCT scans were carried out using the IMAT instrument of the ISIS Neutron and Muon 

Source (Burca et al., 2018). 1193 projections were acquired throughout 360° of sample 

rotation, using a 40 mm pinhole aperture, a collimation ratio (L/D) of 250 and a 

polychromatic quasi-parallel neutron beam with a peak flux wavelength of 2.61 Å within a 

range of 0.7-7 Å. The exposure time per projection was 30 s using an Andor Zyla 4.2 PLUS 

sCMOS camera coupled with a LiF/ZnS scintillator and a focussing lens. The pixel size was 

55 μm with a field of view (FOV) of approximately 112 mm x 112 mm, which allowed to 

image the entire chalk specimen in each projection. 
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Synchrotron XCT imaging was carried out at Diamond Light Source using beamline I12. 

Projections were acquired using a monochromatic quasi-parallel X-ray beam at 100 keV and 

synchrotron ring current of 300 mA. A total of 1800 projections were recorded throughout 

180° of sample rotation, for each scan, with an exposure time of 0.013 s per projection. The 

detector system consisted of a PCO.edge 5.5 sCMOS camera equipped with an optics module 

and scintillator, as described by Drakopoulos et al. (2015) (see also Diamond (2021)). The 

imaging set-up used achieved a pixel size of 18.5 μm with a maximum FOV of 46 mm wide 

by 12 mm high. Thus, a total of seven vertically overlapping scans were acquired to cover the 

region of the sample in which the model pile was embedded. These scans were then digitally 

stitched after reconstruction. 

Tomographic reconstruction involves the generation of a 3D image of the sample from the 

acquired angular projections. This is usually done using a filtered back-projection (FBP) 

algorithm based on the application of the inverse Radon transform to sinograms computed 

from projection images, as explained by, e.g., Hsieh (2015). The process returns an image 

that it is essentially a 3D array of greyscale values contained in units called voxels. 

Theoretically, each voxel GV is an uncalibrated measure of the amount of attenuation at its 

location (i.e., μ or Σ). While projection pixel GVs represent the accumulated attenuation 

along the thickness of the sample in the path of the beam (i.e., It), voxel GVs provide no 

explicit information about the sample geometry per se. 

In the present study, tomographic reconstruction was carried out using Savu (Wadeson and 

Basham, 2016) by implementing a processing pipeline that included zinger/speckle removal 

(Atwood et al., 2015), ring artefact suppression (Vo et al., 2018), automated COR 

determination (Vo et al., 2014) and FBP reconstruction (Ramachandran and 

Lakshminarayanan, 1971; van Aarle et al., 2016). A phase contrast step based on Paganin et 

al. (2002) was added for reconstructions used solely for 3D visualisation (see Section 3). 

It should be noted that reconstructed computed tomography volumes reflect average 

conditions between the start and end of the scan. Features that change or move during 

scanning, like pore water in the present experiments, may therefore exhibit different amounts 

of blurring in the reconstructed volumes depending on the magnitude of the change between 

the start and end of the scan. 

Results and discussion 

Figure 5 presents neutron radiographs of the chalk sample in dry condition (a), after wetting 

(b) and after pile installation, halfway through the NCT scan (c). The addition of water and 

the installation of the model pile clearly resulted in a reduction of the transmitted intensity, as 

anticipated from the neutron attenuation properties of water and steel. These radiographs 

evidence that water continued to seep into the sample during pile installation and NCT 

acquisition. A projection-based animation of water seepage into the chalk sample prior to pile 

installation is available in the supplementary material (‘water_infiltration.gif’). 

3D views of the reconstructed NCT and XCT data are given in Figure 6. These images were 

rendered in Avizo Lite© using the same rendering method and greyscale range to 

demonstrate the differences emerging from the application of each scanning technique. 

Orthogonal XY (horizontal) slices are included to aid perspective. Greater neutron and X-ray 

attenuation is represented by an increase in voxel GV, that is, an increment in brightness. 

Thus, this Figure highlights different features depending on the imaging method. For 

instance, the chalk sample in the NCT image shown in Figure 6b becomes progressively 

darker towards the bottom, as pore water presence and neutron attenuation decreased with 

sample depth (from the top horizontal surface). It is also brighter than the 3D image for the 

same material shown in Figure 6a, due to the dry state and much lower neutron attenuation 
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properties of the latter. In contrast, the XCT volume in Figure 6c shows fairly constant GVs 

across the chalk specimen. Exceptions are microstructural features such as the bright diagonal 

streaks, bright regions close to the pile, and a dark streak network near the top of the sample 

(also visible in Figure 6b). Brighter regions of are indicative of higher bulk densities, while 

the dark streaks correspond to open fractures (i.e., very low-density zones). Both are 

discussed later in Sections 3.1 and 3.2, respectively. 

1.1. Water and bulk density distribution 

Water content distribution in projection space was calculated as described in Section 2.3.1 

and results are presented in Figure 7. As discussed previously, it may be noted that the 

waterfront continued to advance downwards through the pore network during NCT scanning 

due to gravity, moving from a vertical depth of about 30 mm to 32 mm in 113 minutes (at the 

start of the NCT scan). Gaps between the chalk sample and the confinement tube favoured 

water seepage, as may be seen from the higher moisture contents close to lateral boundaries 

of both contour maps. 

Figure 8 presents 3D water saturation and bulk density distribution maps derived as described 

in Section 2.3.2 and 2.4, respectively. This Figure shows that the water gradient observed in 

radiographs (in Figure 5 and Figure 7) is reflected in the reconstructed data, albeit in a 

somewhat less stratified fashion with persistence of higher saturation levels in the periphery 

of the upper levels of the sample. This further evidence the preferential diffusion through the 

sample boundaries, and of the blurring effect introduced by the slow downward movement of 

the waterfront during NCT acquisition, as mentioned in Section 2.5. It is also confirmed in 

Figure 8 that the pre-existing diagonal bands mentioned previously exhibit higher bulk 

densities than the surrounding matrix (Figure 8b), and thus resemble natural (pre-existing) 

compactional features (Mortimore, 1986; Wennberg et al., 2013). However, Figure 8 also 

shows that these bands exhibit higher local water saturation ratios than adjacent sample areas, 

a characteristic that is also observed in the dim appearance of these bands in the NCT scan of 

the dry specimen (Figure 6a) and the subsequent brightening upon wetting (Figure 6b). This 

is possible evidence of water being lodged in the nano-to-microscopic pore network within 

these bands (Müter et al., 2014), despite having a lower porosity than the surrounding matrix. 

Similarly, darker nodules in Figure 6c suggest the presence of porous features, yet they do 

not seem to have retained a significant amount of water as to become notably brighter in the 

NCT volume shown of Figure 6b. This inability to retain water is also apparent in the fracture 

network of the post-installation images in both Figure 6 and Figure 8, where it may be seen 

that, as with the high porosity nodules, fracture regions exhibit both low bulk density and low 

saturation ratios. Such behaviour is generally expected of porous geomaterials, as the 

predisposition of an unsaturated geomaterial matrix to draw water into its pores (matric 

suction) tends to decrease with increasing porosity/pore size (Mitchell and Soga, 2005). 

Effect of pile installation 

XCT scan results presented in Figure 6c and Figure 8b show that pile installation produced 

two major physical changes in the chalk sample: (1) pile insertion led to fracturing of the 

sample (shown in Figure 6b-c near the top of the sample), and (2) pile penetration crushed the 

chalk and produced a sleeve-like interface of densified material around the pile shaft, with a 

noticeable ‘bulb’ or nosecone of dense crushed chalk under the pile tip. Fractures have been 

attributed in previous research to tensile circumferential stresses mobilised during 

penetration, which would lead to fracturing when the sample confinement is insufficiently 

stiff (Alvarez-Borges et al., 2021). Densification (i.e., volumetric deformation) has been 

identified as possibly the main penetration mechanism for piles in chalk, as the pile volume is 
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lodged in the material chiefly by the crushing and reduction of pore space of the material in 

the path of the pile (beneath the advancing pile tip) and in the immediate vicinity (Alvarez-

Borges et al., 2018; Buckley et al., 2018; Alvarez-Borges et al., 2021). The formation of a 

bulb or ‘nosecone’ of densified material under the pile tip as a key pile penetration 

mechanism was first identified by White and Bolton (2004) using 2D physical model tests of 

pile installation in uncemented sand. Previous XCT research involving model piles installed 

in intact chalk have reached similar conclusions by using laboratory-based polychromatic 

cone-beam scanners (Alvarez-Borges et al., 2018; Alvarez-Borges et al., 2021). However, 

Figure 8b showcases penetration-induced density changes in 3D at a level of precision 

inaccessible by these XCT systems, as the use of wide-spectrum polychromatic X-rays 

reduces the accuracy of XCT-based density inferences. Additionally, the X-ray flux available 

at conventional laboratory-based or ‘benchtop’ XCT systems is orders of magnitude smaller 

than those produced at modern synchrotron facilities (Brunke et al., 2008), which results in 

very low X-ray transmission and/or very long scanning times for dense and/or metallic 

samples, like the one used in the present study. Thus, Figure 8b demonstrates the sharp 

density gradient towards the pile wall previously proposed by Alvarez-Borges et al. (2021), 

but with an accuracy not achieved previously, depicting density increments of up to 60% very 

close to the pile shaft. It should be noted that benchtop XCT scanners are the only technology 

currently available for fully simultaneous NCT-XCT imaging (Kaestner et al., 2016; 

LaManna et al., 2017; Tengattini et al., 2020). 

NCT images shown in Figures 4–7 provide complementary information on the penetration 

processes revealed by XCT. For instance, Figure 7 shows that the gravity-driven downward 

movement of water was affected by pile installation, with a noticeable nosecone feature of 

moister material forming under the pile tip. Furthermore, Figure 6c and Figure 8a evidence 

that water presence increased in sample regions densified by pile penetration, i.e. in the 

vicinity of the pile shaft and under the pile tip. While this may seem counterintuitive at first, 

the densification of significantly undersaturated soils by mechanical action can result in 

greater water saturation of the pore volume, as air is preferentially expelled out of pore space, 

or compressed, and matric suction may increase with decreasing porosity as mentioned 

before (Mitchell and Soga, 2005; Powrie, 2014). This is routinely observed in standard 

compaction curves, and contrasts with the general behaviour of saturated geomaterials where 

densification is directly linked with reductions in moisture content. Additionally, the pore 

water in the sample region subsequently occupied by the pile can be surmised to have been 

displaced into the adjacent zones of densified chalk, thus contributing to the measured 

increased in saturation and moisture content. 

A comparison between water content profiles of the vicinity of the pile before and after pile 

installation, extracted from Figure 7 and presented in Figure 9a, suggest that the expelled 

water may have continued with the general downward trend, leading to ‘drier’ conditions in 

the shallower regions of the densified chalk sleeve, and ‘wetter’ conditions in deeper zones 

like under the pile tip. Similarly, horizontal bulk density and water saturation profiles that 

traverse the nosecone region, provided in Figure 9b (extracted from Figure 8), further support 

the inference that installation crushed the chalk matrix in the path of the pile and displaced 

both the crushed material and pore water to create a denser, wetter interface around and 

beneath the installed pile. A notable implication is that gravimetric moisture content 

measurements of the pile interface after exhumation, as those performed by, e.g., Buckley et 

al. (2018), may not be fully accurate indicators of densification if the chalk was not fully 

saturated prior to pile installation. 
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Study limitations and outlook 

Neutron and X-ray scattering 

Neutron and X-ray attenuation processes involve subatomic particle scattering. Scattered 

particles do not follow the original beam path direction but may still impact on the detector 

system producing spurious greyscale counts (Hassanein, 2006; Boillat et al., 2018; Vo et al., 

2019). This is exemplified for neutrons in Figure 10, which depicts normalised background 

GV counts along the sampling paths shown in Figure 5. It may be seen that the GV profiles 

are higher than those of the flatfield image due to the incidence of scattered neutrons onto the 

detector system. A similar effect occurs with X-rays, as shown by, e.g., Vo et al. (2019). The 

spurious counts are higher for neutron radiographs taken after wetting the sample and 

installing the pile, as these conditions favoured greater neutron beam attenuation by 

scattering. However, the shift in counts is less than 5% of the incident intensity even after 

wetting and pile installation, and thus, the effect on moisture content measurements may be 

surmised to be relatively modest for the present study. Comparable results were obtained 

from X-ray radiographs. This may not be the case in other applications, but hardware- and 

software-based corrections are available to mitigate this (Boillat et al., 2018; Vo et al., 2019). 

Post-scan gravimetric calibration of XCT/NCT measurements can also be carried out in 

future work, though these are often difficult to perform on small samples and the process 

involves the destruction of the specimen. 

The neutron absorption and scattering properties of water also precluded the use of the NCT 

set-up of this study on fully water-saturated chalk samples, as shown in Figure 11. The very 

low transmission values in Figure 11a demonstrate that pore water prevented most neutrons 

from reaching the detector area behind the sample, as similarly observed by Syed et al. 

(2021). Thus, the use of NCT systems and experimental set-ups similar to those of this 

investigation may be unsuitable for water-saturated porous soil/rock samples. However, 

though not yet routinely used in geomechanics, researchers have successfully used deuterated 

water (heavy water) as an alternative saturating liquid for the NCT imaging of soils, as it has 

a lower neutron scattering cross-section and similar X-ray attenuation coefficient to that of 

water (e.g. Kim et al. (2013)). That said, greater errors in water content estimation may occur 

due to the attenuation properties of deuterated water being much closer to those of the other 

materials in the sample, as discussed in Section 3.3.2. Alternatively, it may also be possible to 

further reduce the model size in future work, and thus, the amount of water present at full 

saturation. However, the preparation of smaller diameter intact specimens and the use of 

model pile diameters below 3 mm may be impractical. 

Material heterogeneity, polychromatism, and beam hardening 

In addition to scattering effects, density and water content measurements may have been 

affected by the composition of the scanned object. Chalk exhibits a heterogeneous 

microstructure of calcite particles with air- and/or water-filled pore space, as may be inferred 

from Figure 6c and Figure 8b. For XCT imaging, this heterogeneity suggests that the GVs 

used to produce the density calibration function may not be considered absolute matches to 

the extrapolated chalk densities. For the NCT data, the contribution of the of the aluminium 

sample tube and the steel pile to beam attenuation, as well as the localised densification of the 

chalk induced by pile installation, may have affected water content computations. That said, 

the proposed XCT density calibration function is a good linear fit to the correlated data 

(Figure 4), as expected from Equation (1). Calibration accuracy might be further improved in 

the future by the use of dedicated calibration phantoms, as often done in medical sciences 

(e.g., Borah et al. (2005)). For NCT-based water content measurements, the attenuation 
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contribution of the aluminium cylinder, the steel pile and pure calcite is small compared to 

that of water (Σ ≈ 0.004 mm
-1

, Σ ~ 0.12 mm
-1

, Σ = 0.0408 mm
-1

 and Σw = 0.565 mm
-1

 for 

aluminium, steel, calcite and water, in each case; NIST (2021)), as discussed previously in 

Section 2.3.2. It may be therefore surmised that the effect of these materials on water content 

computations were modest (note that this may not be the case when using deuterated water 

with much lower neutron attenuation properties). However, the changes in neutron 

attenuation resulting from the redistribution of calcite particles associated with the crushing, 

remoulding and densification of chalk during pile installation are of particular interest, as 

these processes occur in regions where water content may have changed as well. This may be 

investigated by comparing NCT and XCT voxel value data for dry specimen regions 

containing natural chalk density variations, and assessing how the different in XCT-based 

density estimations correlate with NCT-based water content inferences. This has been carried 

out using one XY slice for each volume located at a depth of 36.5 mm below the sample 

surface (both slices shown in Figure 12(a, b)). This depth is well into the dry zone below the 

waterfront (see Figure 7). The XCT slice has been digitally binned (3 × 3 pixel bins) to match 

the dimensions of the NCT slice. A 10 × 10 mm grid containing sampling windows 1 × 1 mm 

in size has been used to retrieve 100 local average grey values (one per sampling window) at 

the centre of the slices, as presented in Figure 12(a, b). Figure 12(c) presents the correlation 

between density and saturation ratios derived from the sampled XCT and NCT grey value 

data. As expected, higher chalk densities return spuriously higher water saturation values. 

However, the correlated data suggests that even substantial increases in chalk density, like 

those estimated for regions close and underneath the pile tip (Figure 8), would result in very 

modest water saturation overestimations, possibly of up to about 0.10% at the density of pure 

calcite. A similar correlative assessment could be carried out using a 3D sampling grid, and 

correction patterns could potentially be derived and applied to water saturation maps for more 

highly attenuating samples. Nevertheless, great care must be taken when extracting direct 

empirical correlations between XCT and NCT data, as no linear relationship exists between 

the X-ray and neutron attenuation properties of different materials (as discussed in Sections 

2.3 and 2.4). 

The use of a polychromatic beam for NCT imaging lead to the preferential attenuation of 

lower energy neutrons close to the specimen surface, an effect known as beam hardening 

(Hsieh, 2015). This artefact produces a gradual decrease in GVs from periphery to the 

centreline of the reconstructed object, and can lead to the underestimation of water thickness 

computations for highly-attenuating samples (Kang et al., 2013). However, the effect on low-

attenuation samples is generally small (Vontobel et al., 2006), and it is not evident in this 

study (see e.g., Figure 9b). This agrees with the work of Hussey et al. (2012), who reported 

limited beam hardening effects for tw values below ≈5 mm. The chalk sample of this study 

exhibited localised tw maxima of about 2 mm. 

The use of a polychromatic neutron beam also contravenes Beer-Lambert’s law 

considerations, which assume that the incident beam is monoenergetic. For polychromatic 

transmission, the value of Σw corresponds to the mean of all the wavelengths present in the 

beam rather than that at a specific wavelength, as assumed in the present study (Kang et al., 

2013), which invariably affects water content measurements (Tengattini et al., 2021). While 

not used in the present study due to the large increments in neutron exposure time required, 

IMAT also features energy-resolved (‘time-of-flight’) imaging capabilities where neutron 

detection for a given wavelength range can be carried out (Ametova et al., 2021). This feature 

can be used to further improve the accuracy of NCT-based water content measurements in 

future work involving smaller samples requiring lower exposure times. 
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Physical model limitations 

Physical modelling of pile installation at normal gravity typically demands sample to pile 

diameter ratios equal or greater than 50 to minimise boundary effects (Schnaid and Houlsby, 

1991). In practice, such sample and pile dimensions would be impracticable for XCT-NCT 

synchrotron imaging, mostly due FOV size limitations and to the significant reduction in 

transmission associated with scanning larger objects. Thus, it must be recognised that some 

of the penetration process observed during pile installation in the present experiments (e.g. 

fractures, pile head loads, extent of chalk crushing and densification) could be linked to 

boundary effects associated with the model dimensions. 

It should be also noted that the transfer of the sample across facilities, even over short 

distances, may have resulted in sample disturbance. The use of chalk, a geomaterial with 

natural cementation, and a pile guiding sleeve may have mitigated this, but the use of 

unbonded granular samples may require additional care. 

Conclusions 

Pile penetration in unsaturated chalk was studied by way of physical modelling with 

correlative synchrotron-based neutron and X-ray computed tomography (NCT and XCT, 

respectively). The combined use of these imaging techniques for this purpose is new to the 

field. The objective of this investigation was to preliminarily observe, measure, and correlate 

the changes in volumetric moisture content and bulk density in chalk induced by pile 

installation. Main outcomes of this research were: 

 A straightforward method for estimating density and moisture content from 

correlative XCT and NCT images of physical models involving fine-grained 

geomaterials was described. This method can be easily implemented in future 

research. 

 The reconstructed NCT/XCT data and the proposed image analysis method allowed 

the 3D observation of sample microstructure and its correlation with local moisture 

content and bulk density values, as well as the variation in these parameters arising 

from pile penetration. 

 XCT results evidenced that model pile penetration in intact chalk samples leads to 

increases in bulk density, as observed in previous investigations using fully saturated 

chalk samples and cone-beam XCT systems. 

 NCT-based measurements revealed that moisture content increased within sample 

regions densified by pile penetration. Such behaviour reflected the partially saturated 

state of the sample, the XCT-inferred reduction in porosity, and the displacement of 

pore water from the zone occupied by the pile. 

 The approach used had some limitations to be considered in future work, namely: (i) 

neutron attenuation properties of water may preclude the use of fully saturated porous 

samples; (ii) neutron and X-ray scattering can affect bulk property measurements; (iii) 

material heterogeneity can also affect bulk property inferences. These limitations may 

be overcome using deuterated pore water, hardware- and/or software-based correction 

methods and dedicated calibration phantoms. 
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Notation 

a Horizontal distance from vertical centreline of sample 

COR Centre of rotation 

FBP Filtered back-projection 

GV Grey value 

It Transmitted intensity 

It_wet Transmitted intensity for wet sample 

It_dry Transmitted intensity for dry sample 

I0 Incident intensity 

NCT Neutron computed tomography 

r Sample radius 

Sw Volumetric saturation ratio 

t Total sample thickness 

ts Thickness of sample solids 

tw Thickness of sample water 

XCT X-ray computed tomography 

θ Volumetric moisture content 

μ Attenuation coefficient 

ρ Bulk density 

Σ Macroscopic neutron cross-section 

Σs Macroscopic neutron cross-section of sample solids 

Σw Macroscopic neutron cross-section of sample water 
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Figure captions 

Figure 1. Example of cylindrical intact chalk sample used. 

Figure 2. (a) Schematic diagram of pile installation rig showing NCT and XCT scan zones 

(note that pile has not yet been installed and that the actuator stem is retracted); (b) 

photograph of rig mounted on the IMAT tomography stage. 

Figure 3. Pile head loads recorded during installation. 

Figure 4. XCT reconstructed greyscale-bulk density calibration. 

Figure 5. Beam-corrected neutron radiographs (projections) of the chalk sample: (a) in dry 

condition, (b) after the addition of water (215 minutes after wetting), and (c) after pile 

installation (750 minutes after wetting). Dotted lines mark data sampling locations 

(Figure 10). Scalebar units in mm. 

Figure 6. Vertical cross-sectional views of reconstructed volumes: (a) NCT before pile 

installation (dry condition); (b) NCT after pile installation (wet); (c) XCT after pile 

installation (wet). Scalebar units in mm. Same grey value range used for all images. 

Figure 7. Contour maps of volumetric water content distribution derived from neutron 

radiographs before (215 minutes after wetting) and after pile installation (328 minutes 

after wetting). Dotted lines marks data sampling location (Figure 9a). Digitally-

removed pile shown as blank space. 

Figure 8. 3D water saturation (a) and bulk density (b) distribution as derived from NCT and 

XCT scans, respectively. Dotted lines mark data sampling location (Figure 9b). 

Digitally removed pile shown as empty space. 

Figure 9. Volumetric water content (a) and saturation and bulk density (b) distribution 

profiles along dotted lines in Figure 7 and Figure 8, respectively. 

Figure 10. Flatfield-normalised GV profiles along dotted lines in Figure 5. 

Figure 11. (a) Flatfield-normalised GV profiles along horizontal lines in neutron radiographs 

of (b) dry and (c) wet chalk samples. 

Figure 12. (a) XCT and (b) NCT XY slices at a vertical depth of 36.5 mm below the 

specimen top surface depicting the grey value sampling grid used to correlate the 

effect of XCT-derived intact chalk dry density on NCT-derived water content 

measurements, presented in (c). 
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