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Abstract
This study investigates the weathering profile of completely weathered rock derived from the Dullstroom Formation in South 
Africa. The research emphasizes the significance of the soil-rock interface, particularly the transition between completely 
weathered rock and residual soil, in understanding mechanical, chemical, and hydraulic behaviours. Field sampling and 
laboratory analyses, including particle size distribution, Atterberg limits, X-ray fluorescence (XRF), X-ray diffraction (XRD), 
and X-ray Computed Tomography (XRCT), were conducted. XRCT proved invaluable in visualizing pore geometry, density 
contrasts, and the persistence of relict rock structures in three dimensions. The findings highlight how structural prominence 
decreases with increasing weathering intensity, influencing compressibility and porosity. The compressibility of the material 
correlates better with chemical weathering indices than traditional geotechnical parameters like void ratio or dry density. 
These insights contribute to the geotechnical characterization of weathered rock profiles and propose structural prominence 
as a novel parameter for evaluating mechanical behaviour across weathering stages.
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Introduction

Overview

Weathering rock profiles are frequently encountered during 
geological, engineering, hydrological, ecological and for-
estry projects in South Africa. The soil-rock interface typi-
cally exists in the most decomposed portion of a weathering 
rock profile. This interface comprises residual soil and com-
pletely weathered rock, both of which can be excavated as a 
soil. The term saprolite is often used to collectively define 
this portion of a weathering profile (National Research 2001; 
Dos Santos et al. 2018; Dos Santos et al. 2022a, b; Silva 
et al. 2022; Bonnet et al. 2022). To keep to international 
standards in geotechnics and geology the definitions of 
residual soil and completely weathered rock will be used in 

place of the saprolite (ISRM 1981; Dippenaar et al. 2024). 
ISRM (1981) defines these two weathering states as follows:

•	 Completely weathered rock: “All rock material is decom-
posed and/or disintegrated to soil. The original mass 
structure is still largely intact.”

•	 Residual soil: “All rock material is converted to soil. The 
mass structure and material fabric are destroyed. There 
is a large change in volume, but the soil has not been 
significantly transported.”

Dippenaar et al. (2024) defines the completely weath-
ered rock with the same diagnostic features as the above 
ISRM (1981) definition. The residual soil definition is 
slightly different and stated as follows by Dippenaar et al. 
(2024):

•	 Residual soil: “Rock weathered to the state where origi-
nal minerals, structures and textures have been altered or 
removed by weathering.”

The boundary between the completely weathered rock 
and residual soil is defined first by the loss in relict rock 
structure. Relict rock structure refers to the preserved 
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structural features of the original parent rock that remain 
intact within completely weathered rock, even though the 
material has undergone significant decomposition and trans-
formation. These features include mineral grains, fractures, 
joints, foliation, or other textural and structural characteris-
tics inherited from the parent rock. Secondly, a significant 
change in chemical mineralogy forms in conjunction with an 
alteration physical state. The decompositions of most to all 
primary rock forming minerals to secondary minerals, the 
increase in pedogenic iron oxides and aluminium, and rela-
tive increase in silica results in the formation of a residual 
soil.

Pedogenic oxides are typically iron and aluminium rich 
secondary minerals formed during soil and weathering 
processes under the influence of pedogenesis. In rock, the 
material forms in joints and fractures where water flow 
occurs.

The formation of these two horizons is dependent on 
parent material, rainfall, temperature / radiation, evapora-
tion, vegetation cover, time, and topography, with different 
intensities of each resulting in different profiles and geo-
technical conditions. This section will discuss the forma-
tion of completely weathered rock and residual soil, which 
will collectively be called residuum, in a humid climate 
and will elucidate the alterations the material goes through 
both from a chemical and structural aspect (Bonnet et al. 
2022).

Completely weathered rock’s ability to store water influ-
ences groundwater recharge and return flow, which affects 
both the quantity and quality of surface and subsurface 
waters (National Research 2001; van Tol 2020Dippenaar 
et al. 2022). In this material, the porosity is a combination 
of primary voids between mineral grains and secondary 
fractures inherited from the original rock structure. These 
secondary pores often serve as preferential flow paths for 
moisture until the relict rock structure is completely loss 
through further decomposition, contributing to the complex 
hydrological behaviour of weathered profiles (Dos Santos 
et al. 2018; Swart et al. 2019; Jaques et al. 2020; Dos Santos 
et al. 2022a, b; Bonnet et al. 2022).

Completely weathered rock exposed in large manmade 
excavations undergo rapid weathering, decomposing meta-
stable minerals, and ultimately alters or destroys the relict 
rock structure (Obermeier and Langer 1986). It is clear the 
relict rock structure and fabric is highly dependent on the 
chemical weathering intensity it is exposed to, and therefore 
the parameters that this structure governs is influenced by 
the weathering.

Pore geometry and orientation, governed by relict rock 
structure, critically influence material strength (Day 1981; 
Buttrick 1986; Letey 1991; Rocchi et  al. 2017; Rabot 
et al. 2018; Swart et al. 2019; Silva et al. 2022; Dos San-
tos et al. 2022a, b; Bonnet et al. 2023; Wang et al. 2024). 

The relict rock structure is thought to provide strength and 
stiff to completely weathered rock, however it cannot accu-
rately be assessed using standard microscopy methods and 
hand samples. These methods characterise the structure in 
2-dimensions and the structure needs to be broken to being 
the evaluation.

Pores have been defined as the sine qua non of soil 
(Clothier 2008), in other words, the intrinsic characteristic 
which soil cannot be without. Pores are open spaces of the 
soil that are not occupied by solid grains. The porosity of 
a soil is distributed across a wide range of pore sizes and 
shapes, ranging from spaces between clay platelets to large 
open root or burrow channels. Dippenaar (2014) conducted 
a detailed review of porosity present in both soil and rock 
and how these are defined and quantified across multi-dis-
ciplinary applications. A fundamental concept in hydrology 
needs to be highlighted, namely the connectivity of poros-
ity. Two types of pores exist in soil, non-effective porosity 
meaning there is no contribution to the movement of gas 
or liquids, and effective porosity which are drainable pores 
and governs the hydraulic conductivity.

Residual soils and completely weathered rock are often 
associated with tropical climates where intense leaching 
occurs. Tropical soils are not normally associated with South 
Africa but due to the ancient and stable landscape, deeply 
weathered rock profiles do exist and are currently forming 
in the eastern parts of the country. The impact of chemi-
cal weathering on the mechanical, chemical and physical 
parameters has been intensely studied on igneous weathering 
profiles in high rainfall areas around the world. However, 
very little work has been done of investigating the influence 
of decomposition on mechanical and hydraulic properties 
through a weathered rock profile in South Africa, especially 
in the past decade (Van der Merwe 1964; Blight and Leong 
2012).

The soil-end of a weathering profile comprising com-
pletely weathered rock and residual soil is the most intri-
cate portion of the profile. It is encountered the most often 
in geotechnical projects due to it being the closest to the 
ground surface and furthest away from the weathering 
front. The properties that seem to be influenced by the 
completely weathered rock are the parent rock origin and 
stress history and the weathering state of the completely 
weathered rock.

By investigating the aims thoroughly, the study seeks 
to contribute to a better understanding of the engineering 
characteristics of a weathered rock profile and the soil-rock 
interface, and how this evolves through further decomposi-
tion and anthropogenic interactions. Furthermore, test the 
usability of x-ray scanning to be used to assess extremely 
weak rock and residual soil which is too friable to be tested 
using conventional rock testing methodologies, such as thin 
sections.
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Parent rock decomposition

The residuum forms by weathering via physical, chemical 
and biological processes (Blight and Leong 2012). Physical 
processes mechanically disintegrate rock that will expose 
fresh rock to chemical weathering, increase permeability and 
surface area of bedrock to allow flow and increased inter-
action with chemically active fluid. Chemical weathering 
alters rock minerals through hydration, hydrolysis, carbona-
tion, dissolution, cation exchange and oxidation, forming 
clay minerals with lower energy states that are more stable 
(Mitchell and Soga 2005; Yong 2012; Summerfield 2014; 
Liu et al. 2022; Cho and Ohta 2022; Sergeev 2023).

Rock minerals are not equally susceptible to chemical 
breakdown and mineralogic change. Typically, the minerals 
that form at the highest temperature, meaning the first min-
erals to form during cooling of magma and forming igne-
ous rocks, are the least stable at low temperature at ground 
surface (Bowen 1929; Goldich 1938). The resultant second-
ary minerals present in the completely weathered rock and 
residual soils are further influenced by the intensity to which 
the weathering has occurred.

The composition of the solution during the reactions and 
the degree of leaching (removing ions from environment) 
result in a particular clay mineral forming (Yong et al. 2012). 
Feldspar may weather to montmorillonite first and then to 
kaolinite, or directly to kaolinite depending on the condi-
tions during weathering. Limited leaching environments 
that include non-draining profiles where cations are retained 
tend to form illite and montmorillonite, and where leaching 
favourable environments such as free-draining profiles tend 

to form kaolinite. However, with excess leaching of silica, 
iron, and aluminium oxides there tends to form minerals 
such as goethite and hematite, and gibbsite, respectively.

Throughout the weathering process the parent rock struc-
ture is largely retained, and for the relict rock structure to 
remain the original rock volume is also retained through-
out most of the profile. Hencher (2012) stated residual soils 
above an igneous rock form when the original rock texture 
is lost and resulting material is typically a red, clay-rich, soil 
which will eventually collapse and densify through further 
weathering. The resultant macrostructure, porosity distribu-
tion and chemically constituents of the completely weath-
ered bedrock is dependent on the parent rock characteristics, 
long term climate conditions and trends, prevailing moisture 
conditions in the profile, local vegetation and bioturbation, 
and regional topography. All the factors contribute to the 
type and intensity of weathering that occurs.

Formation of a weathered profile starts at the concept 
of a weathering front. A weathering front is assumed to be 
approximately parallel to the ground surface, however this 
is a simplification and is typically geometrically irregular 
(Phillips et al. 2019). Weathering is most intense at the 
ground surface and along rock fractures (i.e. joints and 
faults) and decreases with an increase in depth and reduction 
in jointing. As the weathering front moves down the ground 
profile, the degree of alteration increases towards the ground 
surface as indicate in Fig. 1.

This degree of weathering will usually result in a typical 
sequence of mineral occurrences with depth. The mineral 
which forms at a certain depth within a profile is depend-
ent on the composition of the pore water, mineralogy of 

Fig. 1   Movement of weathering 
front forming typical soil profile
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the parent rock, intensity of leaching and prevailing Eh–pH 
conditions at that depth (Summerfield 2014). Summerfield 
(2014) best represents the formation sequence of secondary 
minerals, based on leaching intensity (i.e., exposure time and 
depth in profile), from original primary minerals.

Generally, all feldspars and mafic minerals weather to 
kaolinite in free draining profiles in areas that class as Wein-
ert N-value of less than 2 in Southern Africa (Weinert 1980). 
Usually following the path of primary mineral to montmoril-
lonite to eventually kaolinite or directly decompose to kao-
linite. Decomposition of primary mineral grains will vary 
in the profile, but generally increase from being a minimum 
in the parent rock and maximum in the upper residual soil. 
Additionally, Ca-rich feldspars and pyroxenes can com-
pletely dissolve resulting in an open pore while leaving no 
weathering products (Wilson 2004).

Chemical weathering indices are used to quantify the 
state of weathering by assessing the quantities of mobile ions 
such as Ca2+, Na+, and K+, and the relative accumulation of 
immobile ions such as Fe3+ and Al3+. Various methods have 
been put forward and successfully used in literature (Nesbitt 
and Young 1982; Fedo et al. 1995; Meunier et al. 2013; Liu 
et al. 2022; Cho and Ohta 2022; Sergeev 2023).

Many of these chemical weathering indices have their 
limitations and need to be adjusted based on the state of 
the weathered material and parent rock under investigation.

The most frequently used method to measure the degree 
of weathering is the chemical index of alteration (CIA). This 
method is based on the changes in chemical compositional 
associated with the decomposition of feldspar and formation 
of clay minerals. Since kaolinite is a common clay mineral 
into which most igneous rocks weather to, this method has 
been widely adopted (Cho and Ohta 2022). The CIA is cal-
culated as presented in Eq. (1).

CaO* denotes the amount of CaO incorporated in the 
silicate fraction of the rock. The resulting value indicates the 
degree of weathering and typical values are between 30 and 
45% for basalt, 45% and 55% for granites, and near 100% for 
kaolinite (Nesbitt and Young 1982). The range of the CIA 
for fresh rock is dependent on the chemical constitutions of 
the parent rock, and the calculated value has a possibility of 
reflecting a change in the source rock composition and not 
the degree of weathering (Meunier et al. 2013).

Meunier et  al. (2013) proposed a method where the 
M+−4Si-R2+ system is used and takes the amount of silica 
into account, which the CIA does not. This method has been 
termed the weathering intensity scale (WIS) and estimates 
weathering by quantifying the loss in silica and the accumu-
lation of less mobile elements during weathering (Bonnet 
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et al. 2022). Each component of the M+−4Si-R2+ system 
is calculated, and the three values normalised to 100% and 
plotted onto a ternary diagram as stated in Meunier et al. 
(2013). Both the CIA and WIS methods can be successfully 
used for various igneous and sedimentary rock.

Cho and Ohta (2022) stated the CIA method has limi-
tations due to chemical components used to calculate the 
degree of weathering. To fully utilise the method, the par-
ent rock type and chemical data needs to be known which 
is often not the case. Therefore, a new weathering index 
method was derived and proposed, called the robust weath-
ering (RW) method. The RW method can determine the 
degree of weathering of rock from a near fresh state to an 
intensely weathered, completely weathered rock and resid-
ual soil. The method does not make use of SiO2, CaO, and 
P2O5 in the calculations but, of the six elements in the equa-
tion the largest influence to determine the weathering is the 
leaching out of Na2O and accumulation of Al2O3.

The type of weathering to form deep weathering profiles 
is mainly the alteration of chemical components in the rock. 
The chemical and structural properties of the weathered 
material is closely linked and will evolve simultaneously as 
primary rock minerals change to secondary minerals, micro-
cracks and openings will form, whereby increasing surface 
area and permeability to further the weathering process (Liu 
et al. 2022; Bonnet et al. 2022; Bonnet et al. 2023).

Throughout the decomposition of the parent rock, the 
structure is largely retained (Kellogg 1930; Schaetzl and 
Anderson 2005), however a weathered rock profile does 
undergo continuous volumetric strain as the degree of weath-
ering increases (Banerjee et al. 2016; Hayes et al. 2019; 
Riebe et al. 2021; Liu et al. 2022; Dos Santos et al. 2022a, 
b; Bonnet et al. 2022; Bonnet et al. 2023). Chemical weath-
ering of rock implies the alteration of primary rock miner-
als to secondary minerals, but also its physical properties 
such as total porosity, tortuosity of pore network, aperture 
of the pores and relative permeability, water flow, diffusivity, 
and mechanical strength will change. At the initial stages of 
weathering, micro pores will form as etching and defects 
along mineral cleavage breaks and imperfections (Wilson 
2004). At macro scale, the knowledge of porosity evolution 
during weathering is one key parameter for predicting water 
storage capacity and water flow in the completely weathered 
and residual soil horizons (Bonnet et al. 2023).

Hencher (2024) stated residual soils above an igneous 
bedrock form when the original rock texture is destroyed 
through leaching out and transformation of parent rock min-
erals or volume change and densification due to collapse 
under self-weight. The resulting material is typically a red, 
clay-rich, soil with discontinuous, localised, zones having 
remnants of parent rock structure. This results in a reduc-
tion of the dry density as the weathering front pushes deeper 
into ground profile. As weathering depth increases the upper 
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portion of the completely weathered rock will collapse, 
whereby increasing dry density and reducing void ratio, 
destroying any existing relict parent structure, and forming 
residual soils (Hencher 2024).

Bonnet et al. (2022) study how the chemical weather-
ing process impacts the Viamão granodiorite rock profile in 
South Brazil. The degree of chemical weathering, grain frag-
mentation, and development of connected porosity intensi-
fies toward the upper layers of the completely weathered 
rock. Dissolution pits in feldspar grains form a network of 
intergranular micropores, while the expansion of biotite due 
to chemical weathering results in dense intergranular mac-
rocracks. Both total porosity and macroporosity increase as 
you move upward in the completely weathered rock profile. 
Cracks formed during weathering and relict rock structure 
is often filled with clay and Fe-oxides. At the surface of 
the residual soil, grains become dislodged, causing the rock 
structure to break down and form a soil-like structure shaped 
by seasonal swelling and shrinkage cycles (Bonnet et al. 
2022; Hencher 2024).

The relict rock structure and macro grain relations that 
survive the weathering process and persist in completely 
weathered rock provide strength and stiffness to the mate-
rial (Wesley 1990; 2010; 2019; Bonnet et al. 2023; Wang 
et al. 2024). The relict rock structure can be lost through 
continued weathering in-situ, through rapid weathering once 
exposed to the Earth’s surface and through anthropogenic 
influences (Obermeier and Langer 1986; Rabot et al. 2018; 
Dos Santos et al. 2022a, b; Liu et al. 2022). An oedometer 
test can be used to determine the influence the structure has 
on the compression behaviour of soil. When testing residual 
soils, the concept of the pre-consolidation pressure and over-
consolidation ratio are not applicable as the material has 
formed through chemical weathering and not consolidation 
(Wesley 1990; 2010; 2019).

Wesley (2019) suggests the data should be plotted on 
a linear pressure scale and the soil compressibility should 
be determined. Examples of how oedometer data plots on 
a strain to linear pressure scale plot is presented in Fig. 2. 
Soil with structure is expected to yield if the yield pres-
sure is reached underload and weaken. Non-structured soil 
is expected compress and strengthen as loading continues.

Rocchi et al. (2017) investigated the influence of weath-
ering on the physical and mechanical properties of igneous 
rocks and found that the presence of the relict rock struc-
ture provided additional strength which decreased with an 
increase in weathering. The study also found that weathering 
generally causes a decrease in grain size as rock minerals 
decompose to clays and silts which reduces the shearing 
resistance of the material.

Hu et al. (2023) provided a comprehensive review of soil 
structural vulnerability, with a focus on how soil compac-
tion and aggregate breakdown influence soil functions and 

ecosystem services. A key factor affecting soil structural 
degradation is the pore network, which directly impacts soil 
functions like water and nutrient transport. The research 
proposes a model to clarify distinctions between suscepti-
bility (inherent structural tendency to degrade), vulnerabil-
ity (ability to resist stress under specific conditions), and 
risk (likelihood of degradation under real-world pressures). 
Soil structural condition is the measurement of the structure 
in-situ, and structural vulnerability is the possibility of the 
structure to alter due to external stresses. High resistance and 
resilience imply low vulnerability. The resistance reflects 
the ability of the soil to retain its structure when exposed to 
stress, namely continued weathering and the material being 
placed underload when the models are applied to completely 
weathered rock.

Obermeier and Langer (1986) found that highly decom-
posed completely weathered rock undergoes rapid weather-
ing when exposed in an excavation, and the material can 
change from a medium hard rock to an extremely weak rock 
within 48-h. According to Hu et al. (2023) this material will 
be seen as having a high structure vulnerability. Townsend 
et al. (1969) and Saha et al. (2024) investigated the impact 
of destroying the soil structure and remoulding of soil sam-
ples have on the compressibility and strength of the mate-
rial. Both studies found that breaking down the structure 
formed through pedogenic processes, results in a decrease 
in strength and an increase in compressibility.

Future research should concentrate on evaluating the con-
nection between soil structural vulnerability and possible 
loss or changes in key soil functions indicators, such as the 
pore network and hydraulic conductivity.

Initially, the risk of soil structure degradation and the 
related changes in essential soil structure indicators, such 

Fig. 2   Recommended analysis for soil compressibility behaviour 
when testing residual soils (adapted from Wesley 2019)
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as hydraulic properties based on pore networks, should be 
assessed, taking into account soil structural vulnerability 
(Hu et al. 2023).

The characteristics of the completely weathered rock, 
especially the porosity, has been limited to breaking samples 
open to inspect 2D sections, simplified mass and volume 
calculations, and soil water retention curves among other 
techniques.

Letey (1991) wrote: Science is based on quantitative 
measurements which can be reproduced. Soil structure 
does not lend itself to quantification. He carried on stating 
the state of the art in the study of soil structure only pro-
vided index values for the soil functionality and these were 
dependent on how the functionality was measured (Letey 
1991). At the time of writing up this study, the opportunities 
to measure soil architecture have significantly increased in 
the field of soil science (Golparvar et al. 2021; Daneshian 
et al. 2021; Vogel et al. 2022; Baveye et al. 2022; Wang and 
Zhang 2024).

Rabot et al. (2018) published a comprehensive review to 
evaluate the potential of observable soil structural attributes, 
for both the pore and aggerate approaches, to be used in the 
assessment of soil functions. As in geotechnics, the interest 
in soil structure is to infer the soil characteristics, which can 
form due to soil texture or chemistry (i.e. swelling / shrink-
ing clays) or it may control the soil hydromechanical behav-
iour to a greater extent than the soil texture alone (Swart 
et al. 2019; Vogel et al. 2022; Baveye et al. 2022). Rabot 
et al. (2018) divided the methods into field and laboratory 
methods for the aggregate approach, and indirect and direct 
methods for the pore approach. Many of these methods were 
similar to techniques used in geotechnics to determine soil 
structure and porosity, such as test pit profiling in the field, 
and grading (texture) analyses and bulk density determina-
tion in the laboratory for the aggregate approach. In the pore 
approach, indirect methods discussed are gas adsorption and 
soil water retention curves and derived indicators, which is 
commonly used in unsaturated soil mechanics. Rabot et al. 
(2018) discusses the limitations and ambiguities in testing 
experienced when using the methods mentioned above, and 
some of these are similarly well-understood in geotechnics.

The direct methods for the pore approach include imag-
ing techniques such as optical microscopy and scanning 
electron microscopy (SEM) (Rabot et al. 2018). These are 
commonly used in geotechnics, but these methods require 
sample preparation, such as cutting of thin sections, oven-
drying and carbonization of sample surface that will disturb 
the soil structure before any evaluation takes place.

When analysing undisturbed soil samples to identify indi-
cators of soil architecture, the most reliable and repeatable 
imaging technique is X-Ray Computed Tomography (XRCT) 
(Mees et al. 2003; Wildenschild and Sheppard 2013; Helli-
well et al. 2013; Cnudde and Boone 2013; Banerjee et al. 

2016; Rabot et al. 2018; Daneshian et al. 2021; Golparvar 
et al. 2021; Vogel et al. 2022; Baveye et al. 2022).

XRCT is a non-invasive, non-destructive, imaging tech-
nique developed for the visualisation and quantification of 
the interior structure of an object in the 3-dimensions. A 
sample is placed within the scanner and exposed to a beam 
of X-rays, generated from an X-ray tube, while the sample is 
rotated a full 360°. The X-rays are absorbed or scattered by, 
or passed through, the sample materials causing attenuation 
of the beam. The degree of attenuation is proportional to 
the atomic number of the material, the photon energy of the 
incident beam and the thickness of the material. The degree 
of X-ray attenuation is acquired by the detector from the 
numerous 2-dimensional (2D) radiographic images, often 
called projections.

The key principle of the XRCT imaging technique is 
based on the differential attenuation of X-rays as they inter-
act with the minerals and pore spaces within the sample. The 
ability of differing materials to adsorb and scatter incident 
photons is referred to as the linear attenuation coefficient 
(Huda and Abrahams 2016). At a given photon energy and 
sample thickness, a higher density material (i.e. larger linear 
attenuation coefficient) will absorb or scatter more X-rays, 
increasing the attenuation, resulting in a darker appearance 
on the CT projection. Using relevant software depending on 
the application, the CT projection is converted into a slice 
where the denser materials appear lighter and air appears 
darker (Li and Tang 2019; Sturrock 2022). The process of 
X-ray attenuation in sample materials before photons reach 
the detector in a XRCT scanner is shown in Fig. 3.

Wang and Zhang (2024) provide a comprehensive review 
of soil pores and the importance on the soil structure, and 
how to measure them effectively. The paper provides meth-
ods to study pores and soil structure and categorizes them 
into traditional and advance techniques. The traditional 
methods are further divided into indirect and direct meth-
ods. Indirect methods include soil water retention curves, 
mercury intrusion, mathematical modelling and interpreta-
tion from permeability data. Direct methods include mainly 
observation of the soil at varying scales with the addition of 
tracer dyes and soil slicing. Although cost-effective, these 
methods can be limited by complexity and accuracy issues.

The most recent advances in imaging techniques includes 
XRCT scans that enable the quantification of porosity, pore 
distribution and pore connectivity. With the use of available 
image analysis software, such as VG Studio Max 2.2, the 
data retrieved during the CT scan can be used to determine 
number of pores, equivalent pore diameter, surface area 
and volume, as well as the 3D pore model reconstruction. 
The 3D model can be used to determine the pore tortuosity, 
connectivity, node density, and network density (Wang and 
Zhang 2024). Pore network modelling or pore scale model-
ling is used to create a relativity cost effective approach to 
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characterise pore networks. XRCT scans have successfully 
been used to provide a basis for the microscale features to 
better characterize pore scale modelling (Blunt 2001; Gol-
parvar et al. 2018; Wang and Rahman 2023).

Disadvantages do exist with this imaging technique nota-
bly the cost to hire and use the equipment and the availability 
of it as well. A limiting factor of the XRCT is the inability 
to differentiate between minerals with similar density near 
one another, as well as differentiating air and water in pores. 
To overcome this, sample preparation is required by means 
of an additive into the soil sample which stains certain soil 
features or pore water depending on the required applica-
tion. The staining of specific features alters the density and 
enhances the contrast between certain minerals, liquids, or 
soil structures (Li and Tang 2019; Terribile et al. 2022).

The voxel resolution of the scan is dependent on the size 
of the sample and the size of the detector. Depending on the 
nature of the investigation, a suitable sample size and posi-
tioning of the sample relative to the detector and X-ray beam 
should be determined. By decreasing the distance between 
the sample and the X-ray source or increasing the distance 
between the X-ray source and the detector, the magnifica-
tion increases. The shifting of these distances changes the 
magnification, which is inversely proportional to the field 
of view or allowable sample size. Therefore, the smaller the 
sample, the greater the magnification and higher the voxel 
resolution (Terribile et al. 2022; Wang and Zhang 2024).

No dedicated soil-based CT scanner or software exists 
and most XRCT research conduct on soil structure has been 
done using medical or industrial CT equipment as. For this 
reason, this method does not fully appreciate the irregular-
ity and heterogeneity of the pore structure. Even with the 
disadvantages stated above, this imaging technique remains 
the most reliable and accurate of all widely used indirect and 
direct methods (Wang and Zhang 2024).

Methods and materials

Overview

The testing methods chosen for this research was aimed to 
investigate how the structure, which governs the porosity, 
changes through the weathering process and the implica-
tions it has on the material’s mechanical strength. Undis-
turbed samples were taken at each sample depth and, 
sealed, wrapped, and stored in a manner to minimise loss of 
moisture and alteration of the structure as far as practically 
possible.

An oedometer was chosen to assess the influence of the 
presence and absence of relict rock structure in completely 
weathered rock and pedological features in residual soils 
due to its availability in industry, cost-effectiveness, and 
recommendation as stated in Wesley (1990; 2010). Placing 

Fig. 3   X-ray attenuation contrast of solid mineral grains compared to open pore spaces in soil
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the undisturbed material underload will assess the vulner-
ability of the relict rock structure to resist alteration due to 
changes in the surrounding environment (Hue et al. 2023). 
Every undisturbed sample tested, was remoulded back to 
in-situ density, as similarly as possible and retested under 
the same conditions. A change in the behaviour and testing 
results were expected due to the influence of remoulding 
(Townsend et al. 1969; Hu et al. 2023; Saha et al. 2024). 
The remoulding of the material and testing under the same 
conditions will test the materials sensitivity. The state of 
weathering for each sample was determined using appro-
priate chemical weathering indices and therefore chemical 
components needed to be determined.

For limited samples as will be discussed, the porosity and 
structure of the samples was visually assessed in 2D and 
3D by means of the X-ray Computed Tomography (XRCT) 
scan and associated software. The qualitative assessment 
was used to determine the state of chemical and physical 
conditions of the samples that was linked back to the degree 
of weathering.

The aim is to determine and compare the mechani-
cal behaviour of samples taken from the same weathering 
profile, and how the state of weathering, presence of relict 
rock or pedological features, chemical constitutes, and pore 
geometry of the sample influence the expected behaviour.

An area along the eastern Great Escarpment of South 
Africa, located within the Mpumalanga Province, was cho-
sen as the sample site due to the presence of completely 
weathered rock being exposed close to the natural ground 
surface. The top of the eastern escarpment represents an area 
where intensive chemical weathering and low erosion rates 
take place, and it is covered by a thin surficial transported 
horizon (Makhubela et al. 2021). This ground profile allows 
for accessibility to completely weathered rock material for 
sampling and logging in freshly dug trial pits.

The specific site on which the samples were successfully 
retrieved is underlain by the Dullstroom Formation of the 
Rooiberg Group. This geological unit comprises andesite 
to dacite, as well as rhyolites which are collectively referred 
to as the Dullstroom lavas. These volcanic units comprise 
fine-grained, groundmass with variable proportions of phe-
nocrysts, porphyroblasts and amygdales. The Dullstroom 
Formation groundmass constitutes lath-shaped feldspar 
(mostly plagioclase), amphibole, anhedral quartz and opaque 
phases, including iron-oxide and ilmenite. The plagioclase 
can exist as phenocrysts characterised as euhedral to sub-
hedral with composition of that of anorthite-rich (Ca-pla-
gioclase) with minor albite (Na-plagioclase) (Schweitzer 
et al. 1995; Lenhardt and Eriksson 2012). The geological 
rock type will be classed in this research as an andesite for 
simplicity.

The trial pits at this site were dug at random until a weath-
ering profile presenting completely weathered rock of the 

Dullstroom Formation was identified. The exposed ground 
profile at each location was logged according to the meth-
odology as stated in Dippenaar et al. (2024) and Swart et al. 
(2023). The ground profile was either exposed in existing, 
recently dug, borrow pits, or exposed by means of machine 
excavation using an industry standard Tractor Loader Back-
hoe (TLB) (model: JCB 3DX or similar).

Laboratory tests

Particle size analysis and Atterberg limits

The samples underwent particle size analysis according to 
SANS 3001 GR1 (2013). The Atterberg limits testing was 
conducted using the one-point method as stated in SANS 
3001 GR10 (2013). These two tests combined is commonly 
referred to in South Africa as a Foundation Indicator (FI) 
test. In this standard the liquid limit (LL) and plastic limit 
(PL) are determined using the Casagrande cup and the 
thread rolling method, respectively. The Atterberg limits 
testing was duplicated to ensure accurate readings were 
achieved. The laboratory Unified Soil Classification System 
(USCS) description was determined as stated in the ASTM 
D2487 – 17e1(2020).

Oedometers

One-dimensional consolidation testing is widely used and 
is seen as a fundamental soil behaviour test. The oedometer 
test applies a series of predetermined loads on to the sample 
and the deformation response is measured. The consolida-
tion of a soil is dependent on its stress history, density, and 
porosity (Terzaghi 1943). Wesley (1990; 2010) recommends 
using the oedometer as a compression test to assess the 
fabric of residuum. The oedometer was chosen due to the 
availability in industry compared to the triaxial shear test-
ing equipment at the time of writing this thesis. Lead times 
were more than 6 to 8 months and undisturbed samples were 
desiccated when removed from wrapping after standing for 
this period.

Humans frequently use the completely weathered rock in 
a profile as a founding medium and will apply loads that may 
or may not cause deformation to take place. Furthermore, 
the completely weathered rock is often ripped and recom-
pacted at the founding level thereby changing the density 
and porosity. The change in volume will impact the poros-
ity value and therefore flow characteristics of the soil and 
completely weathered rock profile.

Undisturbed samples were placed in an oedometer to 
undergo a one-dimensional consolidation test guided by the 
method stated in the BS 1377–5 (1990) code. These sam-
ples underwent a full compression test before the material 
was removed and remoulded to destroy any remaining soil 
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structure. The remoulded soil material was placed back into 
the oedometer cell and compacted to achieve the in-situ den-
sity. The remoulded porosity values and moisture content 
was brought as close as practicably possible to the in-situ 
values, however, due to the loss in structure, this was not 
always achievable. Therefore, the in-situ density value was 
governing parameter for the remoulded sample condition. 
The behaviour of the undisturbed and disturbed samples was 
assessed and compared in this study.

The interpretation of the oedometers was guided by the 
recommendations as stated in Wesley (2019). No attempt 
was made to determine the pre-consolidation pressure or 
over consolidation ratio. The data taken from the oedometer 
test results will be plotted on a linear stress strain curve to 
assess the compressibility of the soil (Wesley 1990; 2010; 
2019).

The coefficient of volume compressibility (mv) is defined 
as the volume change per unit volume per unit increase in 
effective stress. It defines the ratio of volumetric strain to 
applied stress of a soil and is the inverse of soil stiffness. Soil 
stiffness is also termed the constraint modulus (E’oed) and is 
defined by Eq. (2) (Knappett et al. 2012).

The mv value was used to quantify the stiffness the soil 
structure provided to the sample in the undisturbed state. It 
was also used to compare the difference in compressibility 
of the samples before and after remoulding.

XRF and XRD

The chemical compositions of each sample were determined 
by means of an x-ray fluorescence (XRF) spectroscopy 
which provides the elemental composition. X-ray diffrac-
tion (XRD) analyses were undertaken to provide informa-
tion on the unit cell dimensions of the crystalline material 
in the soil.

The samples were tested at an accredited laboratory in 
Centurion, South Africa. The samples from each locality 
were milled and prepared in the laboratory.

The XRf samples were tested using the ARL ADVANT’X 
Series XRF instruments and Quantas software. The XRD 
samples were prepared according to the standardized Pana-
lytical back loading system, which provides nearly random 
distribution of the particles. The samples were analysed 
using a PANalytical X’Pert Pro powder diffractometer in 
θ–θ configuration with an X’Celerator detector and variable 
divergence- and fixed receiving slits with Fe filtered Co-Kα 
radiation (λ = 1.789 Å). The phases were identified using 
X’Pert Highscore plus software. The relative phase amounts 
(weight%) were estimated using the Rietveld (1969) method.
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X‑ray computed tomography

The sampling methodology for X-Ray Computed Tomogra-
phy (XRCT) samples comprised undisturbed block and tube 
samples. The tube samples were retrieved by pushing a PVC 
pipe (30.0 mm × 150.0 mm) into the sidewall of a freshly dug 
test pit. The tube sidewalls are approximately 3.00 mm thick, 
and no water loose is expected to occur through this. The 
tube ends were capped with 5.00 mm thick pipe stoppers. 
The sealed PVC tubes was then wrapped in plastic to ensure 
minimal moisture loss. Materials such as tin foil and other 
metals cannot be used as wrapping because these materials 
will distort the x-rays passing through the sample.

The tube samples were scanned at X-Sight X-Ray Ser-
vices by means of their Nikon XT H225 ST system. The 
scans were conducted at 180 kV and 330 uA where approxi-
mately 2985 images were acquired of each sample while the 
samples rotated a full 360 degrees. Two-dimensional (2D) 
and three-dimensional (3D) slices were constructed using 
the Phoenix Datos acquisition and reconstruction software. 
The software processing focused on the sample material only 
and excluded a 2.00 mm space between the sample material 
and the tube’s inner wall and 2.00 mm at the top and bottom 
portion of the sample. This was done to exclude areas where 
displacement and density alteration would have occurred at 
the sample and tube interface during sample retrieval. The 
density contrast and pore space analyses were performed 
with use of VOLUME GRAPHICS (VG) STUDIO MAX 
software.

As discussed in Sect. "Introduction", the behaviour of 
porous material is dependent on the 3D pore geometry and 
connectivity, which is directly linked to the parent rock and 
weathering intensity. The purpose of obtaining images using 
the XRCT scanner was to characterise the pore space orien-
tation and size distribution, and the persistence of the relict 
rock structure and infill material of undisturbed samples. 
The scan could be done with no sample preparation, which 
ultimately sparse the structure and minerals from deforming 
or alternating during drying or saturation which is required 
in other imaging techniques.

After the tubes were scanned, the PVC pipes were cut 
open to assess the macro-relict-rock-structure. The same 
was done for the block samples. Finally, all samples were 
oven-dried to calculate the natural moisture content and dry 
density.

Results

Overview

The Dullstroom site is characterised by an open field with 
an existing 3.00 m to 4.00 m deep borrow pit present at 
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the site. A photograph of the borrow pit sidewall is pre-
sented in Fig. 4(a). The approximate depths of which the 
samples were taken is presented. It must be noted that 
these samples were taken in freshly dug pits as well as in 
the existing borrow pit sidewall. The test pits were dug 
at random until a well-developed weathering profile was 
observed. The 2D macro structure of the residual soil and 
completely weathered rock are shown in Fig. 4(b) and 
4(c), respectively.

The residual andesite was logged as slightly moist, 
light orange, firm, open structured, fissured, silty clay. 
The completely weathered andesite was logged as moist, 
light orange blotched pink, stained black, extremely weak 
rock, jointed, relict rock structure, clayey silt.

Undisturbed block samples and disturbed bag samples 
were retrieved and sent to laboratory for appropriate test-
ing. Four (4) tube samples were pushed into moist side-
walls, with one (1) in the residual and three (3) in the 
completely weathered rock with the general depth of each 
sample shown. The sample details were calculated using 
the tube sample data.

Sample 2835 represents the deepest and least altered of 
the completely weathered rock samples at the Dullstroom 
site. The tube samples were sent to the laboratory for 
XRCT scans.

Laboratory test results

Particle size analysis and Atterberg limits

The grading test results reveal that all samples, when com-
pletely broken down, grade as a sandy clayey silt with lesser 
and varying amounts of gravels. There is a general decrease 
in silt content with decreasing depth. The residual soil sam-
ple (2842) has the highest clay and sand content. The testing 
results for the particle size grading analyses and Atterberg 
limits is presented in Fig. 5.

Oedometers

The material was loaded at intervals of 6 kPa, 12 kPa, 
25  kPa, 50  kPa, 100  kPa, 200  kPa, 400  kPa, 800  kPa, 
1600 kPa as stated in the relevant standard. However, only 
the strain and void ratio between 6 and 800 kPa will be 
assessed. Analysing the behaviour of soil when under a load-
ing of 1600 kPa is not a realistic scenario and testing results 
become unreliable at this stage of the test (Wesley 2010).

The strain curves for the undisturbed (Undis) and 
remoulded (Remo) samples retrieved at the Dullstroom site 
are presented in Fig. 6. The testing results summary for each 
sample is presented in Table 1. The value of mv is not con-
stant for a soil but depends on the stress range for which it 

Fig. 4   a Existing excavation face at Dullstroom (photograph taken by MA Dippenaar); b Macro soil structure in residual soil with tube sample 
(c) Macro relict rock structure and pedogenic infill on relict fractures in completely weathered rock (photograph taken by D Swart)
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Fig. 5   Summary of particle size analyses and Atterberg limits

Fig. 6   Linear consolidation 
curves for undisturbed (Undis) 
and remoulded (Remo) samples
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is calculated. It is calculated using data from the oedometer 
test results as the change in height can be measure with the 
change in stress known. Therefore, the mv value calculated 
for the stress increment between 50 to 100 kPa is given.

XRD and XRF results

The chemical testing, comprising the XRD and XRF analy-
ses, was done to determine the weathering state of the sam-
ples. Only the required data to plot the chemical weather-
ing indices are presented in Table 2. The XRD tests were 
conducted at numerous commercial laboratories and institu-
tions. The interpretation of a mineral type is done by assess-
ing XRD diffraction patterns and peaks, and these can shift 
and change due to amorphous crystal structures.

Less common soil minerals of similar structures or peaks 
are often grouped together with more common soil min-
erals, such as kaolinite and birnessite, and muscovite and 
lithiophorite, if no additionally testing is done to confirm 
the presence of either mineral (Swart et al. 2019). These 
limitations result in the XRD results to be influenced by 
operator bias. Notwithstanding, the Dullstroom XRD results 
were reviewed after the XRF results became available and 
the XRD results were updated based on the elemental com-
position. Only minerals, based on the XRF and XRD results, 

of significant importance to the study will be presented in 
Table 3.

X‑ray computed tomography scan

The 2D slices and subsequent 3D porosity and density mod-
els were assessed, and figures produced using the VOLUME 
GRAPHICS (VG) STUDIO MAX software. The raw data is 
based on the density of the material scanned, and therefore a 
density colour contrast can be applied to identify the dens-
est material in that sample. For continuity in analysing the 
samples, the upper 10% of the densest material was shaded 
in red when this method was applied. The orange shading 
was applied to the upper 20% of the densest material. The 
results for the least weathered sample 2835 will be presented 
first and progressively working towards the most weathered 
sample 2842. It must be noted the smallest pore that could be 
modelled for the Dullstroom samples was 0.16 mm equiva-
lent diameter.

Figure 7(a) shows the 2D slice of sample 2835 from the 
top view and right view with the cross-sectional plane of 
the top view indicated. The yellow markers indicate a well-
defined, tight, fracture of the relict rock structure present 
in the sample that persists both laterally and horizontally 
through the sample. The yellow brackets show the orien-
tation of the same specific structure in the two adjacent 

Table 1   Oedometer testing 
results summary

Sample ID Dry density (kg/m3) Void ratio mv (1/MPa) at 100 kPa

Undisturbed Remoulded Undisturbed Remoulded Undisturbed Remoulded

2842 1114 1065 1.542 1.579 0.216 0.985
1357 1160 1083 1.273 1.615 0.193 0.716
1354 1285 1252 1.078 1.134 0.209 0.299
2835 1012 1170 1.729 1.253 0.140 0.354

Table 2   Summary of XRF test 
results

Sample ID Weight percentages (wt.%)

SiO2 Al2O3 Fe2O3 MgO MnO CaO K2O P2O5 Na2O

2842 57.0 16.3 14.9 0.46 0.25 0.03 0.53 0.31 0.01
1357 47.9 28.1 11.9 1.22 0.11 0.07 1.81 0.25 0.01
1354 46.5 29.6 11.6 1.29 0.08 0.07 2.38 0.24 0.01
2835 56.5 25.9 9.43 1.70 0.06 0.12 4.46 0.31 0.12

Table 3   Summary of XRD test 
results

Sample ID Weight percentages (wt.%)

Quartz Kaolinite Microcline Gibbsite Muscovite Goethite

2842 55.5 37.8 - - 4.90 1.80
1357 24.4 32.3 1.10 0.7 19.3 0.10
1354 25.6 34.5 2.10 - 10.9 0.02
2835 20.5 24.1 12.7 - 15.6 0.04
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Fig. 7   a Sample 2835 2D slices from top view (left) and right view (right); b with density colour contrast; c 3D distribution of denser minerals
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images. Weathered rock grains, most likely microcline 
according to the chemical testing results, which are slightly 
denser (lighter) than the surrounding material less dense 
(darker) clay present. The difference in densities of the 
individual minerals allows for colour contrasts to be created 
based on relative density to the lowest density material in the 
sample. In Fig. 7(b) the denser minerals are highlighted in 
red and occur as discontinuous pockets within the relict rock 
structures and are denser than the weathered rock grains. To 

further evaluate the occurrence of the denser material, a 3D 
density contrast is presented in Fig. 7(c).

Figure 8(a) and (b) presents the 2D slices and 3D mod-
els for sample 1357 with the density contrast applied and 
indicates a horizontal and vertical structure, respectively. 
The 3D porosity model is presented in Fig. 9(a) and shows 
the pore geometry is governed by structural orientation of 
the completely weathered rock. The top view in Fig. 9(b) 
shows the pore orientation to be parallel to the vertical 

Fig. 8   a Sample 1357 2D slice right view (left) and 3D density contrast (right); b front view (left) and 3D porosity distribution (right)
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structure identified in this sample, as well as showing the 
structures comprising open pores and pedogenic material. 
The matrix has a more uniform greyscale, compared to 
sample 2835, with no indication of weathered rock miner-
als, suggesting all minerals in this sample have weathered 
to secondary clays and weathered quartz.

Figure 10(a) and (b) show denser pedogenic formations 
in possibly a relict rock fracture that has eroded and changed 
shape over the weathering process. The density contrast has 
been stacked in Fig. 10(b) where the red is the densest and 
orange is slightly less dense. This was done to see if the 
denser material exists in the completely weathered rock 

Fig. 9   a Sample 1357 3D porosity model with right view (left) and front view (right); b with 2D slice overlay top view (left) and front view 
(right)
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matrix. The weathering has resulted in relatively thick infill 
material. This fracture could have formed through volu-
metric strain during the weathering of an existing major 
joint that was a preferred flow path in the original parent 
rock mass. The staining of metal oxides on the joint faces 
indicates this formation is naturally occurring and has not 
formed as a result of sampling disturbance. The denser 
material occurs as 1.00 to 2.00 mm, rounded, nodules in the 
infill material with portions of the facture sidewall having 

pedogenic coatings. Other, subrounded to sub-angular 
grains can be seen in the infill material. Within the com-
pletely weathered rock matrix, weathered rock grains can 
be seen with very little to no material being highlighted in 
the density contrast. This sample provides a distinction of 
fabric characteristics of completely weathered rock and infill 
material within a possible preferred flow.

The 3D porosity model is shown in Fig.  11(a) and 
reveals there is a preferred pore orientation within the 

Fig. 10   a Sample 1354 2D density contrast with top view (left) and right view (right); (b) with 2D slice front view (left) and 3D density contrast 
(right)
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sample that follows the same direction as the infilled frac-
ture. Focusing on the top portion of the sample, a distinc-
tion can be made on a possible open fissure as shown in 
Fig. 11(b). Here the fissure forms a series of connected and 
disconnected pores with no indication of dense material 
within the structure itself. It is expected the fissure has 
recently opened due to volumetric strain during weath-
ering and therefore there has not been enough time for 

pedogenic deposits to occur within this fracture. The fis-
sure is curvilinear in shape in both the vertical and hori-
zontal directions.

The 2D slice with the density colour contrast and 3D 
density model for sample 2842 is shown in Fig. 12(a). The 
sample has lost the majority of the relict rock structure and 
the pedogenic deposits are mostly rounded and do not fol-
low or exist within a defined relict rock structure. A partial 

Fig. 11   a Sample 1354 3D porosity model; b from top view (left) and 3D porosity model (right)
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relict structure in the lower portion of the sample persists 
and is shown in Fig. 12(b).

Figure 13 reveals how highly voided the most weath-
ered sample 2842 is compared to the less weathered sam-
ples retrieved from the same profile. The largest void, 
shaded in red, is seemingly a root that has propagated 
through the matrix and created an open root channel. The 
2D slices and 3D models indicate the residual soil has 

lost the original rock structure that is maintained in the 
completely weathered rock.

The smallest effective diameter recorded in all samples 
was 0.16 mm. According to Brewer (1965) and updated by 
Bouma (1981) these pores will class as macro-pores, where 
micro pores are 0.03 to 0.005 mm in diameter. This resulted 
in many of the pores smaller than 0.16 mm to be excluded 
from the 3D porosity model. The sample size caused the 

Fig. 12   a Sample 2842 2D slice from front view (left) and 3D view with density contrast (right); b from front view (left) and 2D density contrast 
(right)
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field of view to be large which is inversely proportional to 
the resolution and therefore results in large pixel sizes. The 
voxel resolution of the scan is dependent on the size of the 
sample and the size of the detector. By decreasing the dis-
tance between the sample and the X-ray source or increas-
ing the distance between the X-ray source and the detector, 
the magnification increases. The shifting of these distances 
changes the magnification, which is inversely proportional 
to the field of view or allowable sample size. Therefore, the 
smaller the sample, the greater the magnification and higher 
the voxel resolution (Sturrock 2022). This study then inves-
tigated the macro pores only. However, for engineering pur-
poses, this will be sufficient as most geotechnical problems 
and concerns stem from the macro pores which is seemingly 
controlled by the relict rock structure. The mesopores and 
micropores distribution and geometry becomes essential for 
hydrological studies.

A limiting factor of the XRCT in this study was the 
inability to differentiate between minerals with similar 
density near to one another, as well as differentiating air 
and water in pores. To allow for better differentiation, sam-
ple preparation is required by means of an additive into 

the soil material which stains certain soil features or pore 
water depending on the required application. The staining 
of specific features alters the density and enhances the 
contrast between certain minerals, liquids, or soil struc-
tures (Li & Tang 2019; Terribile et al. 2022). The main 
aim of this study was to characterise the in-situ soil struc-
ture and mineral relation at different weathering stages 
and sample preparations may have had an impact on these.

XRCT scans can be successfully used to assess the pres-
ence of structure in a soil material without the need to dry 
out the material or any other destructive sample prepara-
tion steps. It can provide information such as pores geom-
etry in 2D and 3D, persistence of structure, and typical 
moisture flow paths. Depending on the sample size, the 
pores’ structure can be confidential modelled based on the 
voxel data. It must be stated that final 3D porosity model 
is a theoretical model of the pore structure based on many 
factors. The method is considered an indirect measurement 
of soil structure as it is dependent on the voxel size, which 
is influenced by strength of XRCT, sample size, operator 
effectiveness.

Fig. 13   Sample 2842 3D poros-
ity model
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Discussion

The state of weathering of each horizon encountered in 
the igneous weathering profile during this study will be 
assessed based on the chemical weathering indices recom-
mended in literature, namely the chemical index of altera-
tion (CIA) and weather intensity scale (WIS).

The Dullstroom site comprised three (3) samples taken 
from the completely weathered rock. Samples 1354 and 
1357 were taken near the completely weathered rock 
and residual soil interface, and sample 2835 was taken 
approximately 4.00 m below ground surface and is con-
sidered the least weathered of all the samples. This was 

done to visually assess the influence of weathering within 
the same horizon, based on geotechnical parameters, on 
the structure. The structure was easily broken down by 
moderate pressure from fingers into a silt, as shown in \* 
MERGEFORMAT Fig. 14. Note the black staining on the 
joint surfaces.

The chemical and visual assessments revealed the rock 
comprised primary rock minerals such as microcline. The 
light grey shaded areas in the XRTC scan are most likely 
decomposed microcline mineral. The black and dense mate-
rial in the joints of sample 2835 is most likely goethite as 
this has a higher density at 3.8 g/cm3 compared to the micro-
cline at 2.6 g/cm3. Goethite can form through pedogenic 

Fig. 14   a Sample 2835 with 
structure intact (b) Sample 2835 
after smeared with light finger 
pressure (photographs taken by 
D Swart)
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processes in preferred moisture flow channels such as joints 
(Van der Merwe 1964; Banerjee et al. 2016). The pedogenic 
deposits almost always occurred in the relict rock joints in 
the completely weathered rock. Assessing the tube sample 
material and the XRCT imagery, it is evident that the struc-
ture becomes less prominent with increased weathering 
when moving up the profile. The pore distribution generally 
stayed in orientation to the major rock fractures in all the 
completely weathered samples.

Figure 15(a) indicates that all the completely weathered 
rock samples excavate as a silt mixture and the residual 
soil has slightly higher clay content and plasticity. This 
agrees with the XRD results that showed a higher quantity 
of kaolinite and no primary rock forming minerals. This is 
expected for a more weathered soil, as shown Fig. 15(b) 
(Van der Merwe 1964; Bonnet et al. 2022; Wang et al. 2024).

The XRCT imagery showed the material lost all relict 
rock structure and the pore structure was governed by pedo-
genic and biotic processes. According to the tube samples 
the dry density decreased as weathering increased moving 
up the profile, as shown Fig. 4. However, according to the 
oedometer samples, the completely weathered rock had 
lower than expected dry density which was lower than the 
residual soil. This may have occurred for a few reasons, 
namely a less dense pocket was sampled in the completely 
weathered rock.

It is expected that the completely weathered rock would 
have undergone a greater amount of strain since the initial 
parameters had a lower dry density and a higher initial void 
ratio compared to the residual soil. However, as can be seen 
in the oedometer results in Fig. 6 and Fig. 15, the completely 
weathered rock experienced less strain than the residual soil 
both for the undisturbed and remoulded samples. The struc-
ture in the undisturbed 2835 sample provided the stiffness to 
limit the total strain experience. Once the structure was lost 
through remoulding, the 2835 sample underwent a greater 
amount of strain compared to the residual soil undisturbed 
sample.

Figure 16 presents plots for the coefficient of volume 
compressibility (mv) against the sample’s dry density (ρ), 
void ratio (e) and degree of weathering determined by the 
CIA and WIS methods. Typically, for soils that formed 
through consolidation and Terzaghi's (1943) theory of one-
dimensional consolidation can be applied, many of the equa-
tions to predict compression of soil is based on the void ratio 
(Fukue and Okusa 1987; Al‐Khafaji and Andersland 1992; 
Wu et al. 2024). Figure 16(a) and (b) plot the mv against 
the dry density and void ratio, respectively. As can be seen 
the data is fairly scattered with no relationship being shown 
between the compressibility of the soil and the density and 
volume parameters.

Referring to Fig. 16(c) and (d), which plots the degree of 
weathering to the compressibility of the soil, a relationship 

does seem to appear. It must be noted that no correlation will 
be attempted to be made as the data set is limited. It seems 
the degree of weathering is a better predictor for compress-
ibility of residuum than using initial void ratio or dry density 
due to the presence of the structure. The stiffness provided 
by the relict rock structure has been shown in this research 
and by many other authors. This positive influence has been 
shown to decrease with an increase in weathering (Rocchi 
et al. 2017; Jacques et al. 2021; Liu et al. 2022; Bonnet et al. 
2023; Wang et al. 2024).

The XRCT scans conducted in this study showed the 
most prominent relict rock structure is present in the least 
weathered igneous rock and this prominence decreases with 
an increase in weathering until the structure is eventually 
destroyed to form the residual soil higher up the profile. 
This trend was confirmed by the chemical analyses, which 
was used to determine the degree of weathering. The com-
pressibility of residuum, being residual soil and completely 
weathered rock, forming on igneous weathering profiles 
is expected to increase with an increase in weathering and 
subsequently a decrease in relict rock structure prominence.

Figure 17 presents a photograph taken of completely 
weathered andesite with high structural prominence. The 
structural prominence should be treated a single parameter 
that can be used across different geologies and weather-
ing profiles. The photographs presented are of completely 
weathered rock originating from different parent rocks at 
different rates of decomposition due to the differences in 
climate history. All these specimens have varying void ratios 
and dry densities, but all have high structural prominence. 
High structural prominence is characterised by the pres-
ence of inter-grain relations and fractures or joints that are 
inherited from the parent rock. The structural prominence 
decreases when all primary rock-forming minerals have 
fully decomposed, microcracks form through the fabric, and 
pedological processes start to form and influences the pore 
spaced of the material. These features should be assessed 
on a range of scales from micrometres to centimetres. The 
structural prominence can be assessed visual by hand sam-
ples, XRCT scans, and it can be quantified using chemical 
weathering indices as discussed in this research.

Figure 18 shows the decrease of structural prominence 
with an increase in chemical weathering. The photographs 
are of tube samples that have been cut in half along the lon-
gitudinal axis and the two halves separated with the sampled 
material being allowed to break apart along pre-exists cracks 
or fractures, or through the soil fabric. Referring to sample 
2835, the material has a structural prominence, and primary 
rock-forming minerals and texture can be seen with staining 
on relict fractures along which the sample broke part. Sam-
ple 1354 exhibits relict rock structure with a significantly 
more quantity of pedogenic nodules and microcracks that 
have formed in the soil due to weathering. These features 
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Fig. 15   a Texture classifica-
tion (Moreno-Maroto and 
Alonso-Azcárate 2018; 2022) 
(b) Weathering intensity scale 
(WIS) (Meunier et al. 2013) (c) 
mv value calculated for stress 
increment from 50 to 100 kPa 
vs chemical index of alteration 
(CIA) (Nesbitt and Young 1982) 
for the Dullstroom samples
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were confirmed in the XRCT scans. Sample 1357 has broken 
along a relict rock fracture and exhibits a weak relict rock 
structure. Open root channels and flow channels can be iden-
tified from the XRCT scan and on the photograph. Sample 
1354 and 1357 are considered to have moderate structural 
prominence. Sample 2842 is a sample of the residual soil 
and mostly comprise reddish clay with discontinuous relict 
rock structure zones in the lower half of the photograph. The 
soil structure will be controlled by pedological processes 
and biotic activity, and therefore this sample has lost the 
structural prominence.

It is proposed to use the concept of structural prominence 
when assessing the influence of relict rock structure on the 
material’s mechanical performance. This study focused on 
compression behaviour for one (1) weathering profile only 
with very limited data points and information from litera-
ture. This concept is only an introduction to the idea to cre-
ate a single parameter to include the influence of geologi-
cal processes occurred during weathering. Further studies 
would need to be conducted using more elaborate triaxial 
shear testing equipment across multiple weathering profiles 
on various rock types. This concept is put forward to create 

Fig. 16   The mv value calculated for stress increment from 50 to 100 kPa plotted against (a) dry density, (b) void ratio, (c) chemical index of 
alteration value (CIA), and (d) 4Si value from the weathering intensity scale (WIS) for Dullstroom samples
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opportunity to assess the mechanical behaviour of influ-
ences by the relict rock structure and the state of weather-
ing. Figure 19 visually illustrates changes to the structural 
prominence in a weathering profile and how it influences the 
compression of the material. For this simplified weathering 
profile, the structural prominence is higher deeper in a pro-
file where less weathering has occurred. Structural promi-
nence can exist in a discontinued state in the residual soil 
in some cases, however, more work focusing on this would 
need to be done to confirm how far up into the residual soil 
it is present and under what conditions would this occur. 
Pedological features are structures formed through typical 
soil forming processes. This research has shown that these 

features, namely pedogenic nodules, biotic activity and fis-
sures and cracks, do exist within the completely weathered 
rock. Pedological features is included in this schematic to 
show how it increases into the residual soil and mostly gov-
erns the residual soil’s structure as weathering continues. 
The compressibility decreases with an increase in weather-
ing and decrease in structural prominence. The dashed lines 
indicate the path the parameter will most likely follow in 
a weathering profile; however, the actual path will depend 
on numerous factors that are variable to the point where it 
would change from profile to profile.

Conclusion

XRCT scans offer a reliable, non-destructive method to eval-
uate soil structure without requiring drying or other invasive 
sample preparation steps. They provide valuable insights 
into pore geometry in both 2D and 3D, the persistence of 
structural features, and potential moisture flow paths. The 
pore structure can be effectively modeled in 3D based on 
voxel data, depending on sample size and resolution. How-
ever, it is important to note that the resulting 3D porosity 
model is a theoretical representation influenced by factors 
such as voxel size, the strength and settings of the XRCT 
scanner, and operator proficiency. Despite being considered 
an indirect measurement, XRCT remains a robust tool for 
characterizing soil structure and porosity in research and 
practical applications.

The impact of chemical decomposition on weathering 
rock profiles formed on andesite has been evaluated in this 
study. Completely weathered rock forms through moderate 

Fig. 17   Photograph taken of completely weathered andesite sample 
2835 (photographs taken by D Swart)

Fig. 18   Photographs taken of 
residual andesite sample 2842, 
completely weathered rock 
sample 1357 and 1354 retrieved 
near the residual soil and com-
pletely weathered rock interface 
and sample 2835 taken from 
the less weathered completely 
weathered rock (photographs 
taken by D Swart)
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to intense leaching of the parent rock to the point where most 
of the primary rock-forming minerals have been decomposed 
to various secondary minerals. The parent rock fabric and 
macro-structure, termed together as the relict rock structure, 
are mostly retained through the weathering process. The rel-
ict rock structure governs the porosity and pore geometry 
and has been known to provide stiffness and strength to the 
soil during compression. Volumetric strain does occur dur-
ing weathering as minerals transform and change in both 
volume and shape which weaken and break bonds between 
mineral grains. This results in the material to be soil-like 
meaning it can be broken down into individual grains by 
hand. The broken-down grains typically behave as a low-
plasticity silt which was the targeted material in this study. 
The weathering process forms a relatively porous material 
that has varying dry density and void ratio values depending 
on the parent rock and weathering environment.

The chemical composition of a weathering profile is pre-
dictable and follows a certain trend once the profile has been 
intensely weathered. The soil-end of a weathering profile is 
typically enriched in iron and aluminium through leaching 
away of more mobile elements such as calcium and sodium. 
These immobile ions form common clay minerals such as 
kaolinite and gibbsite.

A residual soil forms when the relict rock structure is lost 
through a combination of chemical and physical changes due 
to continued weathering. The structure of the residual soil 
is governed by pedological processes and, consequently, is 

more compressible. The resultant grading of residual soil is 
generally more clayey than the completely weathered rock 
and typically has a higher plasticity value.

The process through which completely weathered rock 
and residual soil forms is governed by the physical and 
chemical changes caused by chemical weathering. The 
degree of the weathering decreases with an increase in 
depth. The state of weathering can be quantified with the 
use of chemical weathering indices. Structural prominence 
is proposed as a single parameter to bridge the gap between 
visual, mechanical, and chemical assessments of weathering. 
It is suggested to provide better predictions of compressibil-
ity and stiffness than traditional parameters like void ratio or 
density. The structural prominence decreases as weathering 
increase and, consequently, this increases the compressibil-
ity of the material, regardless of the material’s void ratio or 
dry density. The novel concept of structural prominence can 
be used to assist engineering geologists and geotechnical 
engineers to better understand the behaviour of completely 
weathered rock and residual soil. More studies using elabo-
rate laboratory and field-based compression and shearing 
testing is recommended to assess the influence of structural 
prominence in weathering profiles.
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