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ABSTRACT:  Crushable sands such as calcareous and glauconitic deposits are widely encountered in offshore 

and coastal environments, particularly in continental shelves and shallow marine sediments. Unlike quartz 

sands, these materials are composed of weak, porous, and often biogenic or authigenic particles that are highly 

susceptible to grain crushing under installation-induced stresses. During offshore pile installation, high stress 

concentrations develop around the pile tip and along the shaft, promoting particle breakage, fabric collapse, 

and local densification. These processes can significantly alter the mechanical response of the soil, leading to 

nonlinear penetration resistance, changes in shaft friction, and post-installation reconsolidation effects. This 

study presents results from four physical pile driving tests using calcareous and glauconitic sands to assess the 

influence of sand type on pile penetration resistance and grain-scale degradation under controlled boundary 

conditions. Pile penetration resistance was continuously recorded during installation. X-ray computed 

tomography (XCT) scans were performed before and after pile driving. The results show that calcareous sand 

exhibits a more repeatable installation response, whereas glauconitic sand displays greater variability due to 

heterogeneous particle crushing and fabric evolution. XCT observations indicate that pile inclination develops 

in both materials, but its effect on lateral load mobilisation is more pronounced in glauconitic sand. 

 

 

1 INTRODUCTION 

Crushable sands are granular materials whose 

mechanical response is governed not only by particle 

rearrangement but also by stress-induced grain 

breakage, leading to irreversible changes in fabric, 

grading, stiffness, and permeability. Unlike quartz 

sands, crushable sands are typically composed of 

weak, porous, or friable minerals, such as biogenic 

carbonates or authigenic glauconite, which exhibit 

low crushing strength and high susceptibility to 

fragmentation under elevated stresses (Coop et al., 

2004; Hardin, 1985; Marsal, 1967). Particle breakage 

in such materials significantly affects 

compressibility, shear strength, and critical state 

behaviour, and has been shown to play a dominant 

role in high-stress geotechnical applications, 

including pile installation and offshore foundations 

(Altuhafi et al., 2018; Bandini & Coop, 2011; Bolton, 

1986). 

Offshore and coastal environments frequently 

contain calcareous and glauconitic sands, particularly 

along continental shelves and shallow marine 

deposits. Calcareous sands, formed from biogenic 

debris such as coral fragments and shell remains, are 

characterized by angular particles, high intra-particle 

porosity, and low tensile strength, making them 

highly prone to crushing under installation loads 

(Folk, 1980; Scoffin, 1987; Shahnazari & Rezvani, 

2013). Glauconitic sands consist of weak, iron-

potassium phyllosilicate pellets that are mechanically 

fragile and susceptible to rapid degradation under 

compression and shear (Westgate et al., 2023). 

Previous studies have shown that while both 

materials are highly crushable, their breakage 

mechanisms differ: calcareous sands tend to exhibit 

localized fragmentation and rapid stiffness 

degradation, whereas glauconitic sands undergo 

progressive pellet collapse, fines generation, and a 
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transition from sand-like to clay-like behaviour 

(Westgate et al., 2023; Zou et al., 2025). 

Pile installation in crushable sands induces severe 

stress concentrations around the pile tip and along the 

shaft, triggering particle fragmentation, fabric 

collapse, and changes in load transfer mechanisms. 

Experimental and field investigations have 

demonstrated that particle breakage strongly 

influences pile penetration resistance, shaft friction 

mobilization, and post-installation reconsolidation 

behaviour (Altuhafi et al., 2018; Bandini & Coop, 

2011; Yasufuku & Hyde, 1995). In offshore 

applications, these effects complicate pile drivability 

predictions and may lead to discrepancies between 

measured and predicted installation resistance when 

conventional design approaches, largely developed 

for non-crushable sands, are applied (Peng et al., 

2024). In addition, breakage-induced fines 

generation and permeability reduction can affect 

excess pore pressure dissipation and long-term 

foundation performance under cyclic loading (Ovalle 

et al., 2015; Ovalle & Hicher, 2020). 

Despite extensive laboratory research on particle 

breakage using triaxial, oedometer, and shear tests  

(Indraratna & Salim, 2002; Miao & Airey, 2013; 

Nakata et al., 2001), direct experimental evidence 

linking pile penetration behaviour to three-

dimensional breakage patterns remains limited, 

particularly for glauconitic sands. Recent advances in 

X-ray computed tomography have enabled non-

destructive visualization of internal soil structure and 

grain-scale damage (Alam et al., 2018; Karatza et al., 

2019), yet most XCT studies focus on idealized 

loading paths rather than pile installation scenarios. 

This study addresses this gap by presenting results 

from a series of physical pile driving tests conducted 

in calcareous and glauconitic sands, combined with 

pre- and post-installation XCT imaging.  

2 MATERIAL AND METHOD 

2.1 Tested Sands 

Two natural crushable sands were investigated in this 

study: a calcareous sand and a glauconitic sand, 

selected to represent offshore-relevant materials with 

contrasting mineralogy and crushing behaviour. 

The calcareous sand (Calc) was sourced from the 

Persian Gulf and is predominantly biogenic in origin. 

Mineralogical analyses indicate a calcium carbonate 

(CaCO₃) content of 92.2%, with the remaining 7.8% 
consisting of silicate minerals, including quartz, 

feldspars, mica, and biotite. The sand is composed of 

angular to sub-angular particles with high intra-

particle porosity, making it highly susceptible to 

stress-induced crushing under pile installation loads. 

The glauconitic sand (GL) was obtained from 

Antwerp, Belgium, a region where glauconite-rich 

deposits are commonly encountered in coastal and 

offshore environments. The material contains 

approximately 29% glauconite, primarily in the form 

of weak, rounded to sub-rounded pellets with high 

internal porosity. The remaining fraction consists of 

non-glauconitic sand-sized minerals. The mechanical 

fragility of glauconite pellets makes this sand 

particularly prone to progressive degradation and 

fines generation under loading. 

Figure 1 presents the grain size distribution (GSD) 

curves of both materials prior to testing. The 

calcareous sand exhibits a coarser gradation with a 

wider particle size range, whereas the glauconitic 

sand is finer and more narrowly graded.  

 

 
Figure 1. Initial grain size distribution of the calcareous 

(Calc) and glauconitic (GL) sands. 

 

Photographs of the two sands in their initial state 

are shown in Figure 2, illustrating the clear 

differences in colour, texture, and apparent particle 

morphology. 

 

 
Figure 2. Photographs of the calcareous (left) and 

glauconitic (right) sands prior to testing. 
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2.2 Experimental method 

2.2.1 Loading frame 

Pile driving tests were conducted in a transparent 

plexiglass cylindrical container with an internal 

diameter of 120 mm. The height of the sand specimen 

was approximately 160 mm, providing sufficient 

embedment length to investigate near-pile 

deformation while limiting boundary effects. Acrylic 

containers of similar dimensions have been widely 

adopted in small-scale pile installation studies to 

provide visual access and adequate confinement for 

mechanistic investigation of pile–soil interaction   

(Riccio, Ciantia, et al., 2024). 

 

 
Figure 3. Multi-axis frame stationed in the University of 

Dundee Nikon XTH 225 CT scanner (Riccio, Ciantia, et 

al., 2024). 

 

Pile installation was performed using a 

displacement-controlled loading frame developed at 

the University of Dundee for small-scale soil–
structure interaction testing (Figure 3). The frame 

enables precise vertical displacement control and 

stable load application, allowing quasi-static pile 

installation under well-defined boundary conditions. 

Similar multi-axis and single-axis configurations 

have been successfully employed in previous 

experimental campaigns to study installation effects 

in sand and weak geomaterials, demonstrating the 

suitability of the system for grain-scale investigation 

of pile penetration mechanisms (Riccio, Romero, et 

al., 2024). 

The reach-in bay is the shielded enclosure of the 

CT scanner where the test setup is positioned during 

scanning and loading. It houses the test sample, the 

rotating platform (with 50 kg load capacity), and the 

multi-axis loading frame within the chamber. The 

bay provides a controlled environment that allows X-

ray imaging while ensuring operator safety from 

radiation exposure. 

A solid wooden pile was installed vertically at the 

centre of the specimen. The diameter of the pile was 

15mm. The pile was driven to a maximum 

penetration depth of 110 mm. Experimental and 

numerical studies show that most installation-

induced stresses occur within 2 < r/R < 8 from the 

pile axis, and decrease beyond this range (Yang et al., 

2014). For the present pile (R = 7.5 mm), this 

corresponds to about 60 mm, which is equal to the 

container radius. Therefore, boundary effects are 

likely to be limited. Installation was carried out under 

quasi-static conditions, with a constant penetration 

rate selected to minimise inertial effects and allow 

progressive soil deformation. Based on penetration 

rates reported in the literature for small-scale pile 

installation in sand and weak geomaterials, a driving 

rate within the range of 0.2 mm/s was adopted (MA 

et al., 2024). 

Penetration resistance was continuously recorded 

throughout installation. A total of 4 pile driving tests 

were performed: three in calcareous sand and two in 

glauconitic sand, each prepared at comparable initial 

conditions to enable direct comparison of material 

response. 

2.2.2 Sample preparation 

For each test, the plexiglass container was filled with 

dry sand in successive layers. The material was 

poured gently to minimise segregation and then 

lightly shaken by hand after filling to promote 

uniform packing while avoiding premature particle 

breakage during preparation.  

The target bulk density was 1.43 g/cm³ for the 

calcareous sand and 1.47 g/cm³ for the glauconitic 

sand, corresponding to medium-dense states that 

were kept consistent across tests. After preparation, 

the specimen surface was levelled, and the pile was 

carefully aligned vertically prior to installation. 

2.2.3 X-ray computed tomography (CT) 

X-ray computed tomography was employed to 

characterise the internal soil structure before and 

after pile installation (Figure 3). 

CT scans were acquired using a Nikon X-Tek 

system (Nikon Metrology NV). Image acquisition 

was performed using Inspect-X XT 6.12.1, and 

reconstruction was carried out with CT Agent XT 

6.12.1. The reconstructed volumes consisted of 1631 

× 2000 × 2000 voxels, corresponding to a physical 

volume of approximately 159 × 195 × 195 mm³. The 

voxel size was 0.097 mm in all three directions, 
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yielding a total reconstructed volume of 

approximately 6.0 × 10⁶ mm³. 

3 RESULTS 

3.1 Pile penetration resistance with depth 

Figure 4 presents the evolution of pile penetration 

force with depth for the calcareous and glauconitic 

sands tested. Results are shown for two repeat tests in 

each material, enabling assessment of both material-

dependent behaviour and test repeatability. 

At shallow penetration depths (0–20 mm), all tests 

exhibit relatively low penetration resistance with 

comparable force levels. This initial stage 

corresponds to limited confinement near the surface, 

where soil displacement occurs under low 

overburden stress and particle rearrangement 

dominates the response. Minor fluctuations observed 

in this region are attributed to local fabric 

heterogeneity and initial pile–soil contact effects. 

With increasing penetration depth, clear material-

dependent trends emerge. In the calcareous sand, the 

penetration force increases gradually with depth, 

reaching moderate force levels at the final 

penetration depth. The two calcareous tests show 

similar overall trends, although local variations and 

small load drops are observed, particularly at 

intermediate depths (approximately 80 mm). These 

fluctuations are indicative of intermittent particle 

crushing and local fabric collapse, which are 

characteristic of highly crushable carbonate sands. 

In contrast, the glauconitic sand exhibits a steeper 

increase in penetration resistance with depth. The 

penetration force rises more rapidly beyond 

approximately 40–50 mm, with one test (GL-test2) 

showing a pronounced increase in resistance toward 

the final penetration depth. The higher resistance and 

stronger depth dependency are consistent with 

progressive densification and degradation of weak 

glauconite pellets, leading to increased confinement 

and resistance ahead of the pile.  

Despite some variability between repeat tests, the 

calcareous sand seems to show a relatively consistent 

penetration response, with both tests generally 

following similar force–depth trends and comparable 

resistance levels throughout installation. This could 

suggest a relatively stable installation behaviour 

under the tested density and boundary conditions. In 

contrast, the glauconitic sand may exhibit a more 

complex and variable response, with noticeable 

differences between the two repeat tests despite 

identical material composition and initial density. 

This variability might be related to local fabric 

rearrangement, possible crushing of weak glauconite 

pellets, and changes in confinement conditions that 

can influence the penetration behaviour during 

loading. Overall, these observations may indicate that 

glauconitic sand could be somewhat more sensitive 

to installation-induced disturbance than calcareous 

sand under the tested conditions.. 

3.2 Lateral pile load during installation 

Figure 5 presents the evolution of the lateral 

(horizontal) pile load with depth during installation 

for the calcareous and glauconitic sands. Lateral 

loads were measured in two orthogonal horizontal 

directions, perpendicular to each other, in order to 

capture any asymmetric force development 

associated with pile inclination. For clarity, the figure 

reports the maximum lateral load recorded at each 

penetration depth from the two measurement 

directions. 

Although the magnitude of the lateral load is small 

compared to the axial penetration force, measurable 

horizontal forces develop progressively with depth. 

The lateral load is associated with the observed pile 

inclination during installation. This inclination was 

confirmed by post-installation CT observations, 

where a deviation of the pile axis from the vertical 

can be identified. Despite the small tilt angle, the 

increasing confinement of the surrounding soil with 

depth results in the mobilisation of appreciable lateral 

forces, particularly at larger penetration depths. 

Material-dependent differences can be observed. 

The calcareous sand appears to exhibit a relatively 

stable and repeatable lateral load response, with both 

tests generally following similar trends throughout 

installation. In contrast, the glauconitic sand may 

show a more complex and variable behaviour, with 

noticeable differences between repeat tests despite 

identical material composition and initial density. 

This variability could be associated with the 

sensitivity of glauconitic sand to local fabric 

evolution and possible particle crushing, which may 

influence lateral force transfer during installation. 

3.3 X-ray computed tomography observations 

Figure 6 presents selected post-installation XCT 

slices for the calcareous and glauconitic sand tests, 

illustrating the final pile position and the surrounding 

soil structure after installation. In both materials, the 

XCT images reveal a measurable pile inclination, 

which developed during installation. It should be 

noted that a slight initial misalignment at the pile 

head or small imperfections in vertical positioning 

may have contributed to the onset of this inclination. 

The subsequent evolution of tilt during penetration 
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reflects the interaction between the pile and the 

surrounding soil. 

 

 
Figure 4. Pile penetration force versus depth in 

calcareous and glauconitic sands. 

In the calcareous sand, inclination angles of 

12.38° (Calc-test1) and 3.37° (Calc-test2) were 

measured. Although structural changes are expected 

to occur in highly crushable carbonate sands under 

installation stresses, the present XCT data do not 

allow direct quantification of particle breakage or 

fabric evolution. The post-installation images suggest 

that the soil structure surrounding the pile appears 

relatively symmetric in both tests. Consequently, 

despite the presence of pile tilt, its influence on the 

lateral load response appears to remain relatively 

moderate, and both tests generally exhibit stable and 

repeatable mechanical behavior. In the glauconitic 

sand, inclination angles of 2.67° (GL-test1) and 6.24° 

(GL-test2) were observed. While the absolute tilt 

angles are broadly comparable to those measured in 

the calcareous sand, their mechanical consequences 

may differ. The XCT images suggest spatial 

variations in soil structure around the pile, which 

could reflect material-dependent deformation 

processes during installation. As a result, the pile 

inclination in glauconitic sand may be associated 

with greater variation in the lateral load response. 

 
Figure 5. Maximum lateral load versus depth during pile 

installation in calcareous and glauconitic sands. 
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Figure 6. Post-installation XCT slices showing pile inclination in calcareous and glauconitic sands. 

 

This effect can be observed when comparing GL-

test1 and GL-test2, where an increase in pile tilt is 

accompanied by a noticeable increase and 

redistribution of lateral load during installation. This 

contrast may indicate that, in glauconitic sand, 

relatively small differences in pile inclination can be 

associated with differences in lateral force 

mobilization. 

Overall, these observations suggest that pile 

inclination can develop in both sands during 

installation. While crushable materials such as 

calcareous and glauconitic sands may be susceptible 

to particle damage under elevated stresses, the 

present experimental results mainly indicate a 

correlation between pile inclination and lateral load 

response rather than a direct causal link with grain-

scale crushing mechanisms. Further quantitative 

investigation would be needed to clearly establish the 

micromechanical origin of the observed behavior. 

4 CONCLUSION 

This study investigated pile installation behaviour in 

crushable calcareous and glauconitic sands using 

small-scale physical modelling combined with pre- 

and post-installation X-ray computed tomography. 

The results suggest that calcareous sand may exhibit 

a more repeatable penetration response, whereas 

glauconitic sand can show greater variability in both 

penetration and lateral load behaviour under 

comparable initial conditions. XCT observations 

indicate that pile inclination can develop in both 

materials during installation, and its mechanical 

influence on lateral load mobilisation may be more 

noticeable in glauconitic sand. Although crushable 

sands may undergo particle damage under 

installation stresses, the voxel size used in the present 

scans (0.097 mm) is not sufficient to directly resolve 

grain-scale breakage or fines generation. Therefore, 

the findings mainly indicate a correlation between 

pile inclination and lateral load response rather than 

a direct causal link with micromechanical crushing 

mechanisms. The results highlight the potential 

importance of material-dependent structural response 

in pile–soil interaction and suggest that higher-

resolution imaging would be required to explicitly 

relate macroscopic installation behaviour to particle 

breakage processes. 
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