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Abstract

Weathered rock profiles are frequently encountered during geological, engineering, hydrological,
ecological and forestry projects in South Africa. The soil-end exists in the most decomposed
portion of a weathering rock profile. This zone comprises residual soil and completely weathered
rock, both of which can be excavated as a soil.

In this study, completely weathered rock retains the parent rock fabric and macro-structure with
secondary minerals forming in place of the primary rock-forming minerals. Residual soil forms
through further intensive chemical weathering to the point where most parent rock structure and
grain relations have been lost either through decomposition or volumetric strain or a combination
of both.

The study was conducted with the use of traditional geotechnical laboratory methods of which the
results were compared and analysed with advanced visual techniques. The laboratory testing
included particle size analysis and Atterberg limits testing, chemical testing methods, compression
testing in oedometers, and saturated permeabilities in a triaxial cell. The advanced visual testing
comprised X-Ray Computed Tomography (XRCT) scan that allowed for the modelling of 2D and
3D porosity and density models. These models provide invaluable insight on the structural
properties that govern the compression behaviour the completely weathered rock and residual
soils.

The soil texture of the completely weathered rock and residual soil can be determined from simple
field tests that only require water and common stationery. These tests make use of use well-
understood behaviour characteristic of fine-sand, silt, and clay at varying moistures to determine
the plasticity of the material, and subsequently the soil texture.

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 into the ground profile. The state of weathering can be
quantified with the use of chemical weathering indices. The close relationship between the
chemical and physical states of completely weathered rock, allows for the determination of
structural prominence which characterises the degree to which the relict rock structure influences
compression behaviour. The structural prominence decreases as weathering increase and,
consequently, this increases the compressibility 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 and has been shown in this study to be a better predictor of soil
compressibility than the dry density or void ratio.
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1 Introduction

1.1 Rationale

Weathering rock profiles are frequently encountered during geological, engineering, hydrological,
ecological and forestry projects in South Africa. The soil-rock interface typically exists in the most
decomposed portion of a weathering rock profile. This interface comprises residual soil and
completely 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. 2022; Silva et al. 2022; Bonnet et al. 2022). However, to keep with
the terminology used in geotechnics and geology in general, the terms completely weathered rock
and residual soil will be used in this research (origin description in Dippenaar et al. 2024). For this
study, completely weathered rock retains the parent rock fabric and macro-structure with
secondary minerals forming in place of the primary rock-forming minerals. Residual soil forms
through further intensive chemical weathering to the point where most parent rock structure and
grain relations have been lost either through decomposition or volumetric strain or a combination
of both. The weathering profile that will be studied must be near to the surface for practicable
sampling and must be free draining.

The ability of completely weathered rock to store water influences groundwater recharge and
return flow, impacting both the quantity and quality of surface and subsurface water (National
Research 2001; van Tol 2020; Dippenaar 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 lost through further decomposition, contributing to the
complex hydrological behaviour of weathered profiles (Swart et al. 2019; Dos Santos et al. 2022;
Dos Santos et al. 2018; Bonnet et al. 2022).

The pore geometry and orientation, which is controlled by the relict rock structure, has been
shown to be a critical parameter for the strength of the material (Day 1981; Buttrick 1986; Letey
1991; Rocchi et al. 2017; Rabot et al. 2018; Swart et al. 2019; Silva et al. 2022; Dos Santos et al.
2022; Bonnet et al. 2023; Wang et al. 2024). The relict rock structure is thought to provide
strength and stiffness to completely weathered rock; however, it cannot accurately 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 begin the evaluation.

The continued decomposition of rock and absorption of carbonic acid during weathering forms an
integral part of the carbonate-silicate cycle on earth (Mackenzie and Garrels 1966; Raymo and
Ruddiman 1992; Berner 2004; Kasting 2019). It has been hypothesised that a negative feedback
loop on the Earth'’s climate exists between fluxes of atmospheric CO. and the weathering intensity
of silicates (Berner et al. 1983; Deng et al. 2022).This negative feedback loop regulates the global
climate and stabilizes the habitability of the planet over long timescales.
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The bases of the negative feedback loop are as follows: warmer, higher pCO, climates accelerate
silicate weathering rates and drawdown of pCO,, causing a cooling effect, hindering silicate
weathering and allowing pCO, build up and warming. Silva et al. (2022) stated consumption of
CO; by silicate weathering in completely weathered rock is not clearly understood, for many
reasons including the role of varying pore geometry, and water flow and storage through the
profile.

As the weathering front moves deeper down into the ground profile, completely weathered rock
decomposes and weakens with increased weathering to the point where the relict rock structure,
and the governing characteristic of this structure, is lost. This is the transition point where
completely weathered rock transforms into residual soil within a weathering rock profile.
Weathering fronts are generally parallel to the ground surface, and weathering profiles are typically
vertical. However, in steep natural slopes, weathering profiles can also develop laterally (Phillips
et al. 2006). Completely weathered rock exposed in large man-made excavations undergoes rapid
weathering, leading to the decomposition of meta-stable minerals and ultimately altering or
destroying 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 are influenced by the weathering.

A relevant example is the excavation of completely weathered rock for material utilisation as
general fill in road construction which is often the case in South Africa. Initially, the excavated
material may grade as a silty sand and be competent for G8 or G9 material with low plasticity.
However, the metastable minerals breakdown into smaller grains, increasing the total surface
area, during removal, placement, and compaction in engineering layer works. The minerals are
expected to undergo rapid weathering once exposed to Earth surface conditions, thereby
increasing the clay content, resulting in unanticipated changes in the material's engineering
properties. This differs from targeting transported soils for material utilisation because the minerals
are weathering products, and generally stable on the surface of the Earth. The primary cause for
high fill settlement is the lack of sorting and selecting appropriate filling material from multiple
sources, causing zones of soil with unfavourable grading and plastic behaviour to be placed in the
earthworks (Liang et al. 2022). This occurs due to materials excavated from weathering profiles
are stockpiled and allowed to weather before being placed into layer works.

Unsaturated soil mechanics, particularly the concept of matric suction, is fundamentally based on
the mathematics of circle circumference and radius where pore size influences the capillary forces
within the soil matrix. This mathematical relationship underpins the behaviour of water in
unsaturated soils and governs how moisture is retained and transmitted through the pore spaces
of geological medium and other weathered materials.

Naturally occurring pores in residuum are almost always non-spherical, resulting in the need to
make many assumptions of spatial orientations when basing soil structure on unsaturated tests
(Baveye et al. 2022). Being able to confidentially model 3-dimensional porosity geometry will allow
for more accurate pore modelling assumptions and further development in unsaturated soil
mechanics and numerical modelling in water management.
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1.2 Research aims

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 chemical weathering on the mechanical,
chemical and physical parameters has been intensely studied on igneous weathering profiles in
high rainfall areas around the world (Hall et al. 2012; Rocchi et al. 2017; Riebe et al. 2021; Bonnet
et al. 2022; 2023; Dos Santos et al. 2022; Liu et al. 2022; Wang et al. 2024). 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).

This is especially true for residuum forming above dolomite bedrock, which is surprising
considering the impact the overburden has on the formation or sinkholes and subsidence. The
majority of the research focusing the residuum products of dolomite were conducted in the 1980s
due to the increase in occurrence of sinkholes within residential areas and critical infrastructure
(Day 1981; Buttrick 1986). Swart et al. (2019) focused on influence of the manganese and iron
quantities on the material’s hydromechanical properties and how it changes as the material
undergoes weathering or anthropogenic alteration. The research showed the manganese oxide
content, and the extremely low dry density of the wad were the most crucial parameters to
consider when investigating dolomite residuum.

The soil-end of a weathering profile comprising completely weathered rock and residual soil is the
most intricate 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 govern completely weathered rock are the parent rock origin and stress
history and the weathering state of the completely weathered rock.

This research aims to:

e Investigate the influence of relict rock structures on the porosity, strength, and hydraulic
conductivity of completely weathered rock.

e Determine the influence chemical weathering has on the porosity and mechanical
behaviour of completely weathered rock and residual soil.

e Determine a method to quantify these changes to better understand and predict the
evolving porosity and soil structure of completely weathered rock and residual soil.

o Determine the use of state-of-the-art X-ray imagery to identify and analyse the porosity in
completely weathered rock and residual soil.

e Develop a method for reliably determining soil behaviour and texture on-site when working
with meta-stable materials, such as completely weathered rock.
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8

By thoroughly 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 decomposition 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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2 Hydromechanical behaviour and testing of unsaturated porous medium

2.1 Overview

In semi-arid countries a significance thickness of the ground profile is in the unsaturated zone,
above the groundwater table, known as the vadose zone. This zone generally extends to great
depths within the bedrock, leaving the transported and residual material in an unsaturated state.
Negative pore-water pressures or matric suctions are prevailing components of the variably
saturated soil behaviour in this zone. Changes in soil pore-water content led to variations in matric
suction, which can result in significant to substantial changes in permeability, shear strength, and
the volume of the unsaturated soil mass (Rahardjo et al. 2019). The potential for change will be
variable in completely weathered rock with relict parent structure present. The theory of
unsaturated soil mechanics, when the moisture content is less than the air entry value as will be
seen in this chapter, is grounded in mathematics of a circumference and radius of a circle. The
theoretical circle exists within the pore spaces of similar sized spheres in either a cubic or
tetrahedral packing, which can be confidently related to a clean, well-sorted, sand or pure clay
with near-homogenous pore sizes. However, this is of course an oversimplification mainly due to
the constraints faced in quantifying pore geometry in natural soils (Lu 2020).

The climate and the boundary flux condition at the ground surface greatly impacts the soil moisture
content and the depth to the groundwater table. The change in global climate patterns and
anthropogenic alterations of the ground surface and excavations will induce unwanted and
unexpected changes in matric suctions within the soil. To understand the alterations to the
behaviour of soil with a change in moisture, and vertical and confining pressures, a good
knowledge of unsaturated soil mechanics is needed.

2.2 Theory of unsaturated soil mechanics

The Principle of Effective Stress, as presented by Terzaghi (1943), is used to describe forces
transmitted through the soil skeleton in fully saturated soils only and where the stress state is
considered a two-phase system. The key distinguishing factor between saturated and unsaturated
soil mechanics is the presence of air pore spaces and the contractile skin (Fredlund and
Morgenstern 1977; Fredlund et al. 2012). The four phases forming unsaturated soils and the
relationship between them is shown in Figure 2-1.

Figure 2-1 presents the components that result in the thin membrane that is interwoven
throughout the voids of the soil. This is termed the contractile skin and forms to equilibrate changes
in volume, water content and shear strength. Matric suction acts across the interface due to the
pressure differences, while the surface tension acts along the membrane (u. - uw) (Fredlund et al.
2012).
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Figure 2-1 Components of unsaturated soils
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Figure 2-2 Intermolecular forces acting on contractile skin at the air-water interface (adapted from Fredlund
et al. 2012)

The skin of a balloon will always orient itself concave toward the high-pressure gaseous phase
inside the balloon. In the case of unsaturated soils, the air-pressure is assumed to be atmospheric
(ua = 0) and the pore-water pressure is generally assumed to be negative (uw < 0), therefore the
membrane will be concave towards the open pore side (Fredlund et al. 2012). The pressure
difference across the membrane can be related to the surface tension and radius of curvature of
the membrane.

The pressure difference can be related to the radius of curvature (Rs) of the meniscus and surface
tension (Ts) acting along it as shown in Figure 2-3. The pressures acting on either side of the
meniscus are u and (u +Au).
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Figure 2-3 Forces acting on the concaved surface (taken from Fredlund et al. 2012)

Assuming force equilibrium in the vertical along the interface, therefore >Fy = 0, Equation 2-1 can
be written as.
2Tssinfd = 2AuRg sinf 241

Where:
2Tssinf = length of the membrane projected onto the horizontal plane.

Rearranging Equation 2-1 gives Equation 2-2.
Ts 22
Au = R_S
Equation 2-2 can be extended using the Laplace equation for a three-dimensional membrane, as

shown in Equation 2-3 (Fredlund et al. 2012).

A T 1 N 1 2-3
u = S(R1 Rz)

Where:

Ri, R- = radii of curvature of a warped membrane in two orthogonal
principle curves

If the radius is assumed to be the same in all directions (R+ = R>= R), Equation 2-3 becomes
Equation 2-4.

2T 2-4
Au= —
Rs

The contractile skin in an unsaturated soil is subjected to a pore-air pressure (u.) which is greater
than the negative pore-water (uw). The pressure difference that causes the air-water interface in
an unsaturated soil to bend to a curvature shown in Equation 2-5 (Fredlund et al. 2012).
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__ 2Tg 2-5
Ug — Uy = Rs

Matric suction is the pressure difference across the contractile skin in an unsaturated soil and the
concept is used to quantify the behaviour of these soils in geotechnics (ua — uw). As the matric
suction of the soil decreases the radius of curvature of the contractile skin decreases (Equation
2-5). When no pressure differences exist, the matric suction value is zero and the radius of
curvature becomes flat, and a planar air-water interface will develop. The surface tension will
remain at a constant value at these conditions (Fredlund et al. 2012).

The matric suction component of total suction includes the effects of both capillarity and short-
range adsorption (Lu and Likos 2004). Figure 2-4, presented by Janssen and Dempsey (1980),
best illustrates the concept of capillarity where soil pores are interpreted as capillary tubes partially
submerged in a container of water. The combined effect of adhesion, between soil (solid) surface
and water, and cohesion, in the water, result in capillarity in the glass tubes and soil pores.

The adhesion forces manifest the rise in water and the intermolecular cohesion force provokes all
the water molecules to follow the upward pull (Sophocleous 2010). This model is an over-
simplification of actual unsaturated soil behaviour but still provides a good explanation of
mechanics of unsaturated soil behaviour (Fredlund et al. 2012).

The height of water rises in a capillary tube and radius of curvature of the air-water interface have
direct implications to the water content-matric suction relationship in soils. Fredlund et al. (2012)
provides a concise explanation for the capillary phenomenon occurring in unsaturated soils.
Consider a narrow-radius, glass tube being placed into water under atmospheric conditions, as
shown in Figure 2-5.

Magnified
soil particles

-Radius of meniscus
0.0002 cm

| Radius of meniscus
0.002 cm

Radius of :
- meniscus ; N
0.02 cmLL

735 cm

73.5 cm

Radius of [
meniscus| -
0.1cm o

Figure 2-4 The effect capillarity in soil pores illustrated by capillary tubes (Janssen and Dempsey 1980)

7.4 cm
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Figure 2-5 Model of capillarity in thin glass tubes (taken from Fredlund et al. 2012)

The capillary rise can be analysed by considering the surface tension (Ts) acting around the
circumference of the meniscus. Equation 2-6 can be written as shown, assuming force equilibrium
in the vertical along the interface (ZFy = 0).

2nrTycosa, = nrih.p,g 2-6
Where:
r = radius of the capillary tube
Ts = surface tension of water
a, = contact angle
h. = capillary height
g = gravitational acceleration

The left-hand side of the equation represents the vertical component of surface tension
responsible for holding the weight of the water column. The height of the water column is shown
by the right-hand side of the column. Equation 2-6 can be rearranged to Equation 2-7 to give the
maximum height of water in the capillary tube (hc).

2T, 2.7
pwdRs

(o
Where:

R, = radius of curvature of the meniscus (i.e., r / cosa)
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In an ideal scenario, the contact angle between the contractile skin of pure water and clean glass
is zero (i.e. a; = 0). When this angle is zero, the radius of curvature (Rs) is equal to the radius of
the tube (r). Therefore, the capillary height in the ideal scenario is shown in Equation 2-8.

2T, 2-8
h, = —

 pwgr
Equation 2-8 shows as the radius of the tube reduces, the capillary height increases. This is also

true for the capillary height in soils as the soil pores get smaller (Fredlund et al. 2012).

Referring to Figure 2-5, points A, B, and C are in hydrostatic equilibrium, and therefore the
hydraulic heads at all three points are equal. The water pressures at points A and B are
atmospheric and have an elevation of zero (i.e., datum assumed to be at the water level). This
results in the hydraulic heads of points A and B to be zero. Point C is located at a height h; above
the datum, but the hydraulic head of point C must also equal zero. For this to be true, the pressure
head at point C is equal to the negative value of the elevation head at point C (Fredlund et al.
2012). The water pressure at point C can be defined by Equation 2-9.

Uy = _pwghc 2-9
Where:

u,, = water pressure

The water pressures above point A are negative and can be said to be in tension. At point C the
air pressure is atmospheric (U, = 0), therefore the matric suction at point C can described as
shown in Equation 2-10.

Ug — Uy = —pwZhe 2-10
Substituting Equation 2-7 into Equation 2-10 allows matric suction to be written in terms of surface
tension as shown in Equation 2-11.

2T 2-11
Rs
Equation 2-11 applies to the pressure difference across a contractile skin. The radius of curvature

Ug — Uy =

(Rs) can be considered analogous to the pore radius (r) in a soil by assuming a contact angle equal
to zero as shown above. Assuming this, it can be seen as the pore radius gets smaller, the matric
suction in the soil gets larger (Fredlund et al. 2012).

The surface tension carries the weight of the water column in a capillary tube. This done by the
contractile skin transferring the forces onto the walls of the capillary tube, as shown in Figure 2-6,
resulting in compressive stresses on the tube. The contractile skin results in an increased
compression on the soil structure in the capillary zone. As a result, the presence of matric suction
in an unsaturated soil can produce a volume decrease and an increase in the shear strength of
the soil (Fredlund et al. 2012).
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Figure 2-6 Forces acting on capillary tube (taken from Fredlund et al. 2012)

As mentioned above, the capillary tube analogy is an over-simplification of suction behaviour in
soil. The capillary tube opening represents the pore spaces in the soil. The meniscus shape will
vary in a soil due to nonuniform pore space and shape distribution in the soil. Furthermore, the
contact angle of the meniscus on the soil grain will differ during a drying cycle and a wetting cycle
for the same soil specimen. This is referred to as hysteresis and exists for a variety of reasons.
Hysteresis is best represented by the Soil Water Retention Curve (SWRC), defined as the
relationship between soil water content and suction in a soil, and this will be discussed in Section
2.3.

The ranges of suctions which relate to field descriptors are shown in Table 2-1. However, this table
is only indicative. Soils will have limiting suctions depending on the texture or structure. The
maximum suction that can be sustained in a pore of a soil will depend on the pore size. Referring
to Equation 2-11, a meniscus requiring a radius less than the minimum pore radius cannot be
sustained. Therefore, the maximum sustainable suction will be reached when the radius of the
meniscus equals the minimum radius of the pore (Toll 2012).The effect of this in soils can be seen
when comparing dried out clean sand, which will have lost all strength due to complete loss of
suctions (sustainable suctions in order of < 5.0 kPa), and clayey soils which harden and possesses
a high strength due to extremely high (> 1000 kPa) suctions sustained when dried out.
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Table 2-1 The Suction Scale (adapted from Toll 2012)

Suction (kPa) Component of suction Reference points Moisture content
1,000,000 Oven dry Dry
100,000 Osmotic suction
10,000 Practically dry
1,000 Wilting points for plants Slightly moist
Plastic Limit
100 Matric suction Moist
10
1 Liquid Limit Wet
0.1 Saturated

2.3 Soil Water Retention Curve

The Soil Water Retention Curve (SWRC) has been studied and used by many respected
researchers (Lu and Likos 2004; Toll 2012; Fredlund et al. 2012). The shape of the SWRC is
dependent on the pore size distribution, grain size distribution, density, organic material content,
clay content and mineralogy of the soil (Lu and Likos 2004).

The typical SWRC, as shown in Figure 2-7, has a primary drying curve and primary wetting curve.
A SWRC is commonly presented using gravimetric water content (w), as it is easy to measure
weight / mass, or volumetric water content (8), which is simple to convert from w, or as degree of
saturation (S).

A Air entry value
65 i Scanning
curves
Volumetric
water
content, 6
Primary
wetting
curve Residual suction
o | 4
Water entry value

>

Suction (log scale)

Figure 2-7 Typical Soil Water Retention Curve (taken from Toll 2012)

A soil undergoing drying from a saturated state (6;) will follow the drying curve. The soil will remain
saturated before the air entry value (AEV) is reached and will have negative pore pressures due
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to the presence of suctions as drying occurs. This region of the SWRC closely represents a
capillary fringe or zone in a ground profile above the groundwater table. The AEV value indicates
the limiting suction values at which the larger pores in the soil remain saturated, meaning these
pores will start to desaturate and air will occupy a percentage of the pores. A higher AEV general
indicates a pore size distribution of fine pores within the soil. If desaturation occurs after the AEV,
the soil will go through a reduction in water content as finer and finer pores progressively
desaturate The residual suction, occurring after the residual suction value (6,), indicates the
region where water is held as adsorbed water on clay particles surfaces (McQueen and Miller
1974). Before the 6, is reached, pore water is held as capillary water in the meniscus and is
referred to the matric suction as explained above (Toll 2012). Most geotechnical problems occur
with changes of moisture in the matric suction range, which exists between 6, and 6, in Figure
2-7.

For the same soil specimen, which is wetted from an oven dry state, the primary wetting curve will
be followed. The water entry value indicates the suction value at which the pores will start filing up
with water as capillary water. When the suctions are zero, the final 8 will be less than the original
initial 85 due to trapped air bubbles in the pores and the irrevocable volume decrease which
happened during the drying cycle. The two primary curves represent an envelope in which the soil
suctions can exist. The difference between the two curves is primarily a result of hysteresis as
mentioned above. If a soil undergoing a drying cycle is exposed to an increase in moisture, the
soil will follow a scanning curve until the primary wetting curve is reached, and vice versa. Soil
found in the vadose zone is typically found to exist on a scanning curve (Toll 2012).

The SWRC, also referred to as the Soil Water Characteristic Curve (SWCC), is a fundamental part
of understanding unsaturated behaviour of a soil as it can give indication of pore size distribution,
among other properties of the soil, and it can be used to estimate unsaturated soil property
functions (USPFs) (Fredlund et al. 2012). The hydraulic conductivity function (HCF) is commonly
used to estimate the hydraulic conductivity (m/s) of a soil at a certain suction value (kPa) as testing
for this requires specialised equipment. Section 2.4 will discuss unsaturated hydraulic conductivity
of soil found in the vadose zone.

24 Movement of moisture through soil

The ease of soil to transmit water at saturation is described by the hydraulic conductivity (K) or
coefficient of permeability of the soil. Darcy’s Law defines the hydraulic conductivity (K) as a
function of the hydraulic gradient (/) between two points and the cross-sectional area (A) through
which the flow will happen. Darcy’s Law is defined by Equation 2-12.

= —Kid = —K AhA
Q=-Kid= K5
Where:
Q = Total discharge (?)
K = hydraulic conductivity (%)
Ah = difference in pressure head between observation points (1)
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Al = distance between observation points (1)
A = cross-sectional area (1?)

Equation 2-12 defines the volume of water that flows through a specific area and does not
determine the speed at which the water flows. Specific discharge (q) is the discharge rate through
a cross-sectional area and is determined as shown in Equation 2-13.

Q_ i _pbn 213
9= 3= Ki=-Kg

Equation 2-13 assumes that the total cross-sectional area permits flow, including both connected
pores and solid grains. Average linear flow velocity (v) is defined as the flow through the cross-
sectional area occupied by the connected pores only and is described in Equation 2-14.

qa _ —Ki 214

Ne Ne

Where:
n, = Effective porosity (dimensionless)

The hydraulic conductivity (K) is used for the measure of flow of water through the soil and is a
property of the soil. When other fluids are considered, intrinsic permeability (k) is used to
determine the flow and is shown in Equation 2-15.

kpg 215
u

K

Where:
p = fluid density

g = gravitational acceleration
u = fluid’s dynamic viscosity

The theories of fluid flow through moisture are primarily based on saturated material occurring in
the phreatic zone. Darcy’s Law is still applicable for flow of moisture through unsaturated material
in the vadose zone. The hydrology of the vadose zone has been intensely investigated, with
authors describing various flow mechanisms in a soil region where pore pressures are lower than
atmospheric, and the system is governed by forces of capillarity and gravity (Lu and Likos 2004,
Fredlund et al. 2012; Dippenaar et al. 2022).

The behaviour of water flow through unsaturated soil can be summed up by water can only flow
where there is water. In a saturated medium, effective porosity is the portion of total porosity that
can transmit water. In a partially saturated medium, the available pore space contributing to flow
is reduced as the moisture content is reduced. Figure 2-8 best represents this relationship where
at higher degrees of saturation a higher hydraulic conductivity is achieved, and saturated hydraulic
conductivity is always greater than unsaturated hydraulic conductivity (Dippenaar 2014;
Dippenaar et al. 2022).
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Figure 2-8 Influence of water content on relative hydraulic conductivity (adapted from Fitts 2013)

The coefficient of permeability is dependent on the fluid properties and the pore structure, effective
porosity, and void ratio of the soil. In unsaturated soils, the function of the initial water content
creates a variability in the flow dynamics. In other words, unsaturated hydraulic conductivity
exhibits hysteresis. The hydraulic conductivity is a function of matric suction and, as exhibited in
the SWRC, this parameter will also show characteristics of hysteresis (Lu and Likos 2004).

The secondary / structural porosity, namely fractures and discontinuities that persist from the
original rock structure, are usually the preferred flow paths for moisture movement (Talib et al.
2016; Dippenaar et al. 2022). Completely weathered rock is expected to be a dual porosity system
with a high matrix / primary porosity (and variable permeability) and a high secondary porosity
(Van der Hoven et al. 2003). The presence of double porosity within a weathering profile becomes
increasingly important to recognise at lower moisture contents as the flow through finer pores in
the matrix may dominate over the larger pores existing in the secondary / structural porosity.

Since the characteristics of the relict rock structure, which governs the total porosity, of the
completely weathered rock has the greatest influence of the material’s hydromechanical
properties, the next section will discuss the state of the art on soil structure with reference to
unsaturated sails.

2.5 Porosity

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. The pore size
ranges, as defined by Brewer (1965), and updated by Bouma (1981) are presented in Table 2-2.
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The class limits stated are derived from the surface-tension-capillary size equations and are
equivalent pore size classes. It is recommended these classes should only be used for
communication purposes and does not have much practical relevance.

The equivalent pore diameter in soil science and geotechnics is a conceptual measure
representing the diameter of an idealized cylindrical pore that exhibits similar hydraulic or physical
properties as the real pores in the soil or rock matrix. This parameter is commonly used to estimate
permeability, air and water movement, and soil structure behaviour.

According to the review by Wang and Zhang (2024), equivalent pore diameter is defined as the
pore size equivalent to a certain soil water suction. It is often determined using indirect methods
such as the soil water retention curve, where the capillary rise formula relates soil suction to an
equivalent cylindrical pore diameter.

From Dimitrovski (2019), the equivalent average pore diameter is defined as the diameter of
cylindrical pore structures that allow the same air permeability as a real porous medium with the
same number of pores and thickness. This concept accounts for internal pore structure features
such as tortuosity, pore walls, and throat size, making it useful in permeability analysis.

Table 2-2 The size classification scheme of pore size developed by Brewer (1964) (adapted and taken from
Bouma 1981)

Class limits
Class Subclass | (equivalent diameter - Method of measurement
pm)

Macropores Coarse >5000 Hand specimen; X-Ray Computed

Medium | 2000 - 5000 Tomography (XRCT)

Fine 1000 — 2000

Very fine | 75-2000 Microscope; hand specimen; water retention

curve; XRCT

Mesopores 30-75 Microscope; water retention curve; XRCT
Micropores 5-30
Ultra-micropores 0.1-5 Scanning electron microscope
Crypto-pores <0.1 Water retention curve

The most basic form to define porosity is the ratio of total volume (V/7) of the soil mass to the volume
of the voids (Vv) present, as shown in Equation 2-16.

Vy 216

Soils are suspectable to volume change when under load, and with the removal or addition of
moisture in the unsaturated state. Engineers often use the void ratio (e) to overcome the impact
this change in volume will have on the porosity. The void ratio is defined in Equation 2-17.

Vy 2417
e= —
Vs
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Where:
Vs = volume of solids

These simple ratios are based, and can be readily used for, well-sorted, transported, sands of
similar particle size. To quantify the void space in this soil, the assumption is made the particles
are spheres with the same effective grain size diameter (D.) and are in a cubic packing
arrangement (Fredlund et al. 2012; Dippenaar 2014). This is represented by the Figure 2-9.

Figure 2-9 Cubic arrangement of particles used to calculate open space between particles (adapted from
Fredlund et al. 2012)

A relationship between the effective radius of spheres (R.) and the inner pore space radius () can
be written as follows:

R 2-18
cos45
The relationship in Equation 2-18 is also used to describe the matric suction at air-entry point of

the soil when substituted into capillary equation (Eq. 2-11), as shown in Equation
2T 2419

cos4s R

The porosity and air-entry value will change when the packing configuration of the spherical grains
change. Figure 2-10 shows the spheres with the same effective diameter in a denser, tetrahedral,
packing and consequently a reduction in porosity and an increase in the air-entry value.

Figure 2-10 Tetrahedral arrangement of particles used to calculate open space between particles
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The concept of spherical grains with an effective diameter is used for the basic understanding of
primary porosity in most research fields dealing with soils in saturated and unsaturated states. The
limitations of this idealised model have been discussed by many authors over a wide range of
disciplines (Lu and Likos 2004; Fredlund et al. 2012; Dippenaar 2014). Notably that most natural
soil comprise a range of particles sizes with the fines generally clogging the larger pores, greatly
reducing, and causing variability, of the porosity.

Secondary porosity differs from primary porosity as it includes openings in geological material that
originate as structural formations such as factures, bedding planes, and discontinuities. These
features typically govern the weathering process of the host rock and may persist till the material
has weathered to a residual soil. This type of porosity is difficult to quantify as each structure has
its own properties, infill or aperture along its length, and history of influence. Typical idealised
models have been suggested by Lu and Likos (2004).

Dippenaar (2014) conducted a detailed review of porosity present in both soil and rock, and how
these are defined and quantified across multi-disciplinary applications. A fundamental concept in
hydrology needs to be highlighted, namely the connectivity of porosity. 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 govern the hydraulic conductivity. Both types
of porosity contribute to mechanical behaviour of consolidation or collapse when the sail is placed
under load. However, only the effective porosity is important in determining fluid flow through soil
and measuring the SWRC of an unsaturated soil. Dead end pores can be saturated while most of
the drainable pores are near the water entry value. To the remove the water in the non-effective
pores, without having to destroy the structure, the sample can be oven-dried, which may lead to
sesquioxides precipitating out of the porewater and oxidize resulting in a reduction of total porosity
value (Huat et al. 2012).

Natural soils comprise non-homogeneous pore size and shape distributions for both primary and
secondary porosities. The larger open void spaces are termed pores and the narrow sections
connecting pores are termed throats. The varying diameter size along the length of a throat and
a pore becomes important when the material is partially saturated, meaning voids are occupied
by air and water.

At low moisture levels, the movement or storage of water is dependent on the size of the pore and
throat. As moisture decrease (i.e. drainage occurs), water tends to retreat into smaller pore
spaces and is held in as capillary water, as briefly discussed in Section 2.4. This phenomenon has
been called the ink-bottle effect and is believed to contribute to the hysteresis behaviour in soil (Lu
and Likos 2004; Fredlund et al. 2012). This behaviour is demonstrated in Figure 2-11.
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Figure 2-11 Capillary tube model for demonstrating ink-bottle effect (adapted from Lu and Likos 2004)

During imbibition, shown by image (a), the capillary rise will occur until point hy, is reached,
which is a function of the smaller capillary tube radius (r). Assuming a zero-contact angle, the
matric suction at this point can be determined by substituting the smaller tube’s dimensions into
Equation 2-11, as show in Equation 2-20.

2T 2-20

Ug — Uy = r

During drying of an initially full tube, shown by Figure 2-11(b), the meniscus at equilibrium at hq
will have the same matric suction as at point h, shown by Equation 2-20. However, the total
amount of water content in the capillary tube is larger during the drying cycle.

The porosity, macroporosity, pore distances and pore connectivity (effective porosity) are
important indicators for several soil functions but are difficult to describe and define in a single or
series of models. For this reason, many authors suggest pores should be characterised based on
their function to store and transport water, and the impact they have on several other soil functions
(Bouma 1981; Skopp 1981; Dippenaar 2014; Rabot et al. 2018). Samardzioska and Popov (2005)
developed and tested three conceptual models to solve flow through a porous medium, namely
equivalent continuum, dual porosity, and non-homogenous / discrete factures. The models do not
specifically define and model the actual porosity of the medium, but the study shows the
conceptual models can be confidently used to determine the function the porosity provides.

Residual soil and completely weathered rock usually possess relict rock structure and texture
which influences the primary, secondary, and tertiary porosities and may govern the behaviour in-
situ to a greater extent than the soil texture alone (Collins and McGown 1974; Dippenaar 2014;
Swart et al. 2019). Griffiths et al. (2017) determine that the pore orientation has a significant
influence on the rock strength and stiffness. If the pore aspect ratio is high, meaning elongated,
such as a microcrack, the orientation has the biggest impact compared to a pore that is near
spherical. Being able to map the pore orientation and geometry can only be done in 3-dimensional
view.
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Wesley (2010) proposed a classification for residual material, both soil and weathered rock, based
firstly on the degree to which the mineralogy influences the behaviour of the material. Group A
comprises residuum where there is minimal mineralogical influence, and this is group is further
subdivided into materials with strong influences of macrostructure and microstructure. The
macrostructure is identifiable with the naked eye and is expected to provide stiffness and strength
to the material when under load. The microstructure cannot be seen with the naked eye and exists
between grains as bonding. The presence of the bonding can be determined if the material exhibits
high sensitivity when comparing undisturbed and remoulded samples under load. This
classification does not definitively characterise the porosity in the residuum, but it does define the
extent with which the relict rock structure, that governs the porosity, impacts the expected
behaviour under load.

2.6 Soil architecture

Much of the fundamental understanding of unsaturated soil mechanics is based on work done by
soil scientists. Though, geotechnics is more concerned with rock, weathered geological material,
deeper profiles, shear strength, flow around infrastructure etc., much of the understanding of
theories in unsaturated soil mechanics is based on work hypothesised and tested / proven by soil
physicists and soil scientists. This section will mainly focus on the state of the art in the study of
soil structure, and unsaturated soil function research in the field of soil science.

In soil, environmental and agricultural sciences, a strong consensus exists that soil function is
closely linked to soil structure. So much so, the word structure is now more frequently defined as
soil architecture to “emphasize the close relationship between the arrangement of soil physical
constituents in space and the functions that such arrangement enables” (Vogel et al. 2022). The
soil architecture is a complex, 3-dimensional (3D), heterogenous, bio-geochemical system that
forms the essential building blocks for soil function such as water storage and movement, shrink-
swell behaviour, and responses under load and changes in moisture conditions (Totsche et al.
2010; Vogel et al. 2022).

There are generally two schools of thought in soil science about the characterising soil
architecture, one focuses on the pore structure and pore-solid interface, and the other focuses on
aggregates as the building blocks (Baveye et al. 2022; Vogel et al. 2022).

The former requires the studied soil samples to be undisturbed, or at least only slightly disturbed,
to ensure the openings and arrangement of pores are positioned correctly within a 3D complex
soil system. The latter investigates the arrangement of isolated solid fragments, how these
separate into structural aggregates and the compositions and stability of these building blocks.

The aggregate (latter) approach can be used on both disturbed and undisturbed samples and is
the simpler approach as it can be done in the field and with hand samples in the laboratory. The
pore approach (former) is typically the more costly method and requires careful sampling, more
complex testing, and, since very recently, requires specialised testing equipment. The conflict
between the two approaches became more apparent when the understanding of soil function
shifted towards a more holistic analysing approach (Baveye et al. 2022; Vogel et al. 2022).
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However, considering the extensive possibility and variability of soil type and behaviour, there is
ample evidence in utilising both approaches together with changing balance depending on sail
type and site conditions (Rabot et al. 2018). The history, difference and thoughts on each
approach are discussed in detailed in Vogel et al. (2022) and Baveye et al. (2022).

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 provided 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 / shrinking clays) or it may govern the
soil hydromechanical behaviour 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 determination 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 imaging 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 indicators of soil architecture, the most
reliable and repeatable imaging technique is X-Ray Computed Tomography (XRCT) (Mees et al.
2003; Wildenschild and Sheppard 2013; Helliwell 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
etal. 2022)

XRCT is a non-invasive, non-destructive, imaging technique 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
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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 interact 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 Figure 2-12.

Incident ] .
X-rays Sample materials Detector Slice
Kaolinite Kaolinite Kaolinite
— 3
p=2.60g/cm Amount of attenuated
X-rays
Software
processing and
Hematite Hematite slice creation Hematite
p =526 g/cm?
Airin pore
p =~ Negligible

%% Transmitted X-rays

Figure 2-12 X-ray attenuation contrast of solid mineral grains compared to open pore spaces in soil

Computed Tomography
radiographic projection

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 methods to study pores
and soil structure and categorizes them into traditional and advance techniques. The traditional
methods are further divided into indirect and direct methods. Indirect methods include soil water
retention curves, mercury intrusion, mathematical modelling and interpretation 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.
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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 modelling is used to create a relativity cost effective approach to 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; Golparvar et al. 2018; Wang and Rahman
2023).

Disadvantages do exist with this imaging technique notably 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 application. 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 positioning 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 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
(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. For this reason, this method
does not fully appreciate the irregularity 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).

2.7 Conclusion

This chapter discusses the properties that govern the behaviour of a porous medium, namely
residual soil and completely weathered rock, at varying saturation. The porosity, pore distribution,
pore shape, and pore connectivity, which is closely linked to the material’s structure, control the
response to changes in moisture, volume strain and when placed under load. The mathematical
and theoretical models to quantify this behaviour has been discussed and is fundamentally based
on the capillary model and the SWRC for unsaturated soils. The most advanced and reliable
imaging technique to quantify the pore structure is the XRCT scan and relevant software.
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3 Geology

3.1 Overview

According to literature and the author’'s experience, the geology that typically creates deep
weathering profiles are metamorphic and igneous rocks and dolomite (Van der Merwe 1964,
Weinert 1980; Buttrick 1986; Blight and Leong 2012; Dos Santos et al. 2018; Swart et al. 2019;
Bonnet et al. 2022; Dos Santos et al. 2022). Metamorphic rocks tend to have highly
heterogeneous rock profiles with a mixture of hard rock lineations between completely weathered
rock and soil (Blight and Leong 2012). This rock type was excluded from the study for these
reasons that are discussed in Section 5.

The primary need of the study was to evaluate well developed weathering profiles that weather to
fine-grained, mainly silt, residuum and have very minimal metamorphic rock features. Therefore,
the rock types that were targeted comprised intrusive igneous rocks, ranging from felsic,
intermediate and mafic. The rock units that were initially investigated during the desktop planning
had to either be of significantly old, namely older than 120 million years old and therefore have
been exposed to previous weathering cycles (Partridge 1998), or are currently exposed to a
climate that results in chemical weathering or both.

The weathering profiles that were sampled were in the eastern escarpment of South Africa. This
area falls within a moisture-surplus climatic area where decomposition dominates (Weinert 1980;
Makhubela et al. 2021).

The Malmani dolomites formed through dolomitization and chertification processes are of
limestone during the late Archean and early Proterozoic (Obbes 1995). Beukes et al. (1999)
stated the weathering products of dolomite observed today formed during ancient climate
conditions (~180 Ma). The conditions were humid and warm resulting in moderately acidic to
weakly alkaline and oxidizing conditions. These conditions formed residuum material from
dolomite, even if the weathering profiles exist in climate areas that aren’t consider as a moisture
surplus.

The focus of this research is the rock in a completely weathered state; however, the structure,
porosity, texture and mineralogy are greatly influenced by the parent rock from which it forms. The
specific parent rock units from which the completely weathered to residual material samples were
retrieved will be discussed here. Section 6 discusses the field methodology used to identify silt on
site. The Salnova Formation was sampled and incorporated into the study to illustrate the impact
soluble salt contamination has on the hydrometer test results. Table 3-1 summarises the age and
generalised lithology of the sampled geological units.
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Table 3-1 Summary of geological units sampled

e Supergroup Group Subgroup | Formation ISl el e

Pebbly coquina;
semi-
consolidated
Quaternary - - Algoa Salnova - calcareous
sandstone
(Hassan et al.
2022)

) Rooiberg - Dullstroom - ﬁ@%ﬁfgs dacite,

Proterozoic - - - - Diabase -

- Dolomite and

Transvaal Chuniespoort | Malmani -
chert

Neoarchean - - - - Granite Leucogranite

3.2 Intrusive igneous
3.2.1 Granite intrusions

Granites and granite-gneisses of the Basement Complex outcrop extensively over portions of
Southern Africa. The collective term for these rocks is usually granites which can be considered
any intrusive or hypabyssal felsic, igneous or metamorphic rock composed of predominantly
quartz and feldspar (orthoclase and plagioclase) (Brink 1979; Dippenaar and Van Rooy 2014).
These complex mineralogical make-ups range from alkali feldspar granite, granite, granodiorite
and tonalite. The range of compositions which encompasses granites is shown in the Quartz-K-
feldspar-Plagioclase-Feldspathoid (QAPF) diagram, developed by Streckeisen (1974), are
presented as Figure 3-1. The plutonic igneous rocks commonly referred to as granites are shaded
in orange.

The weathering profile sampled at the R528 site formed from chemical weathering of the
Duivelskloof Leucogranite. The Duivelskloof Leucogranite forms a large batholith-like intrusion and
underlays most of Tzaneen’s town centre. This rock unit can be off-white, massive, medium
grained rock which occurs in pockets or large masses and can grade into a pegmatoidal variety
with foliation; or appear fine-grained and darker when in close contact with the confining
greenstone to the north. The main constituents are sodic plagioclase, quartz, orthoclase,
microperthitic microcline, biotite and muscovite. Biotite shows partial alteration to chlorite and
lesser to garnet. The leucogranite varies from syenogranite to a monzogranite and is peraluminous
in character (Robb et al. 2006).

The samples for the field identification testing, discussed in Section 6, was retrieved from the
Duivelskloof Leucogranite and Turfloop Granite.
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Figure 3-1 QAPF diagram (Streckeisen 1974)

The contact between the Duivelskloof Leucogranite and Turfloop Granite is not well defined The
Turfloop Granite forms part of younger granitoid intrusions during the Neoarchaean ranging in age
of 2800-2500 Ma. The TG is a large, northeast trending, batholith with a composition that is varied,
ranging from granodioritic and monzogranitic. The dominant variant is light grey to pinkish grey,
medium to coarse grained with trace amount of porphyritic phases. The TG comprises mainly
plagioclase, quartz, orthoclase/microcline, biotite and some muscovite. The TG is metaluminous
to slightly peraluminous in character (Robb et al. 2006).

3.2.2 Intrusive diabase

Mafic intrusions in South Africa, comprising dykes and sills of dolerite and diabase, are widespread
throughout the Kaapvaal Craton (Anhaeusser 2006). Weinert (1980) stated the term dolerite is
used to differentiate the Karoo-aged diabase from the older Proterozoic and Archean intrusions.
However, these two terms are given to the same rock with similar chemical compositions and is
only used to emphasise the expected difference in engineering behaviour due to the generally
more deeply weathered, and possibly altered, diabase.
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The sampled diabase residuum forms part of the Proterozoic (~1.90 Ga) NE-trending mafic dyke
swarm occurring in the granitoid intrusions near Tzaneen. Klausen et al. (2010) found that these

intrusions are mostly basaltic tholeiites, however some intrusions have undergone alteration
resulting in amphibolites. The chemical composition of these intrusions is typically a series of
actinolite, hornblende, epidote, calcite and recrystallized plagioclase.

3.2.3 Dullstroom Formation

The Dullstroom Formation was originally included in the Pretoria Group, however Schweitzer et al.
(1995) proposed the Dullstroom Formation forms part of the lowermost unit 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 phenocrysts, 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 subhedral with composition of that of anorthite-rich (Ca-plagioclase)
with minor albite (Na-plagioclase) (Lenhardt and Eriksson 2012). The geological rock type will be
classed in this thesis as an andesite for simplicity.

The andesite was sampled at the Dullstroom site and retrieved for the field identification
techniques discussed in Section 6.

The geological units sampled represent a range of varying rock types with different chemical
constitutes. The expected major chemical components for each sample site are approximately
shown by the arrow ranges in Figure 3-2. The green, orange and red arrows shown the expected
chemical ranges of the Duivelskloof Leucogranite, diabase and Dullstroom Formation andesite,
respectively.

Rock type

Rhyolite Andesite Basalt
Granite Diorite Gabbro Peridotite

100
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Figure 3-2 Classification of igneous rocks (taken and adapted from Singh and Huat 2013)

39

© University of Pretoria



8

The dolomitic areas investigated in this research belong to the Malmani Subgroup of the

3.3 Dolomite

Chuniespoort Group, which is part of the Transvaal Supergroup. The dolomite bedrock has been
studied by numerous researchers (Brink 1979; Obbes 1995; Eriksson et al. 2006; Dippenaar et
al. 2019), and is of significant importance due to the weathering process forming cavities that may
lead to the formation of sinkholes. The dolomite bedrock outcrops in the eastern and western limbs
of the Transvaal Supergroup as well as in the area south of Pretoria, as illustrated in Figure 3-3.
The Malmani Subgroup comprises five formations, namely the Oaktree, Monte Christo, Lyttleton,
Eccles, and Frisco Formations. These formations are differentiated by their chert content as well
as the presence and morphology of stromatolites (Obbes 1995).

Dolomite rock contains more than 90% dolomite mineral and lesser secondary silica termed chert,
and calcite and detrital minerals. The best representation of the range of the dolomite
compositions that forms, namely calcian to magnesian dolomites, is Ca(1+)Mg(1+)(COs)2 as
dolomites are rarely stoichiometric (CaMg(COs).) (Warren 2000). Trace amounts of iron (Fe) and
manganese (Mn), in the range of less than 2% can be found in the dolomites (Brink 1979; Buttrick
1986; Eriksson et al. 2006). These trace elements typically determine the weathering products
that forms.
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Figure 3-3 Distribution of outcropping dolomite bedrock within South Africa shown in grey shading (taken
from Dippenaar et al. 2019)
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3.4 Conclusion

The geology underlying deep weathering profiles plays a pivotal role in shaping the characteristics
of completely weathered rock and residual soils. This chapter briefly summarised the parent rock
types, namely fine-grained intrusive igneous rocks, including granites, diabase, and volcanic units
of the Dullstroom Formation, as well as dolomite from the Malmani Subgroup. Each rock type
contributes uniquely to the texture, mineralogy, and weathering behaviour of the residuum.

The fine-grained intrusive igneous rocks, particularly the Duivelskloof Leucogranite and Turfloop
Granite, exhibit chemical weathering profiles influenced by their quartz and feldspar compositions.
Similarly, the diabase and Dullstroom Fm units provide insights into the weathering processes of
mafic to intermediate materials. The susceptibility of the Malmani Dolomites to cavity formation
emphasizes the complexity of chemical weathering in carbonate rocks and highlights the
importance of thoroughly understanding the weathering profile in dolomite stability investigations.

Overall, the chapter establishes the significance of parent rock composition, age, and
environmental conditions in determining the development and characteristics of weathering
profiles, laying the groundwork for more detailed understanding of how various types of weathering
profiles form on these parent rock units.

41

© University of Pretoria



4 Completely Weathered Rock and Residual Soils

41 Overview

The saprolite forms the lower part of the regolith which is described as the transition zone from
surface soil to fresh rock. The term saprolite is generally applied to chemically altered rocks where
all or part of the primary minerals are transformed to new ones while retaining most of the original
parent grain texture and volume. The saprolite forms in erosion limited environments (weathering
rates exceed erosion rates) where products of weathering have remained in-situ and is associated
with low relief topography and humid, tropical to sub-tropical environments. This zone generally
comprises a mixture of clays, Al and Fe oxides and hydroxides, and any other minerals largely
resistant to weathering (quartz, existing clay minerals) with traces of the rock structure still intact.
The term is generally used when dealing with igneous or metamorphic rocks with deep weathered
profiles. The saprolite comprises different zones or horizons that vary from profile to profile. These
include completely weathered rock below becoming residual soil as you move towards the surface
or up the profile. These zones can support variably weathered rock fragments (corestones) in the
matrix (Riebe et al. 2021; Silva et al. 2022; Dos Santos et al. 2022; Bonnet et al. 2022; Hu et al.
2023; Wang et al. 2024).

The term saprolite is commonly used in literature and has been defined by many authors and
institutions (National Research 2001; Richardson 2017; Frings and Buss 2019; Silva et al. 2022).
To keep to international standards in geotechnics and geology, for the remainder of this thesis,
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:

e Completely weathered rock: “All rock material is decomposed and/or disintegrated to
soil. The original mass structure is still largely intact.”

e 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 weathered 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):

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

The boundary between the completely weathered rock and residual soil is defined by the loss in
relict rock structure and a significant change in chemical mineralogy, namely the alteration of most
to all primary rock forming minerals to secondary minerals, and the increase in pedogenic iron
oxides and aluminium, and relative increase in silica.

The formation of these two horizons is dependent on parent material, rainfall, temperature /
radiation, evaporation, vegetation cover, time, and topography, with different intensities of each
resulting in different profiles and geotechnical conditions. This section will discuss the formation
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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). These changes will impact on the geotechnical
properties namely the porosity and plasticity of the material which will be discussed.

4.2 Formation of the weathering profile

The residuum forms by weathering via physical, chemical and biological processes. 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 interaction with
chemically active fluid. Chemical weathering alters rock minerals through hydration, hydrolysis,
carbonation, dissolution, cation exchange and oxidation, forming clay minerals with lower energy
states that are more stable (Mitchell and Soga 2005). The process through which a rock weathers
is dependent on the climate and will result in different profile depths and characteristics, as shown
in Figure 4-1.
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Moisture and temperature High rainfall promotes High temperature aids High moisture and

both diminish towards the high leaching; low chemical weathering, temperature result in
poles; weathering and temperature results in but low moisture rapid weathering and
organic matter decomposition slow organic matter inhibits vegetation, leaching of mobile
are slow, and low precipitation decomposition and organic-matter buildup, constituents.

(polar desert) or permafrost weathering. and leaching of mobile

(tundra) inhibit leaching of constituents.

mobile constituents.

General comments on processes

Figure 4-1 Influence of global climate on depth of weathering and weathering products (adapted from
Strakhov 1967; taken from Blight and Leong 2012)

Climate determines the amount of water present, the temperature, and character of vegetation
cover, and these, in turn, affect the biological complex. Some of the general influences of climate
are (Mitchell and Soga 2005):
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For a given amount of rainfall, chemical weathering proceeds more rapidly in warm than

in cool climate. At normal temperatures, reactions rates approximately double for each

10°C rise in temperature.

o At a given temperature, weathering proceeds more rapidly in a wet climate than in a dry
climate provided there is good drainage.

e The depth to the water table influences weathering by determining the depth to which air
is available as a gas or in solution and by its effect on the type of biotic activity.

o Type of rainfall is important: short, intense rains erode, and cause run off, whereas light-

intensity, long duration rains soak in and aid in leaching.

Topography has a lesser impact on the formation of a weathered bedrock profile, but its influence
can either foster chemical weathering or entirely suppress it. For deep weathering profiles to
occur, many authors agree a low or flat relief is required so that erosion takes place slower than
chemical alteration (Strakhov 1967; Summerfield 2014; Dippenaar and Van Rooy 2014). With
greater variations in relief, mechanical denudation becomes more intense, reducing the impact of
deep chemical alteration. A point can be reached where the ground surface is steep enough and
the rate of erosion exceeds the rate of chemical weathering. Therefore, the latter is completely
suppressed even in conducive climate conditions.

The ancient topography and surface age of southern Africa (~100 million years) resulted in deeply
weathered residual profiles which are now exposed in steep valleys along the eastern escarpment
of South Africa. This implies that the ancient topography has influenced the formation of the soil
profile more over than recent or current topography.

The resultant soil texture and chemically constitutions of residuum are dependent on parent rock
characteristics (grain size and structure, fabric texture, chemical components, rock mass features
etc.), long term climate conditions and trends, vegetation and bioturbation and regional
topography. All the factors contribute to the type and intensity of weathering that occurs.

The parent rock characteristics are important to consider in the initial stages of weathering in
warm, humid environments to form a completely weathered rock horizon (Wilson 2004; Bonnet et
al. 2023).

Alkali and alkaline cation content of parent rocks are important factors in determining parent rock
weathering products. Rocks containing no alkalis can only produce kaolinite or lateritic weathering
products. Rocks containing alkalis and alkaline earth cations will produce a variety of weathering
products. Parent rocks with high amounts of iron and magnesium (mafic) tend to form dark
coloured soils of high clay content. Felsic parent rocks with high proportions of iron and silica tend
to be form light coloured clays with large, typically sandy, quartz component (Yong et al. 2012).

Biological weathering contributes to both physical (burrowing insects) and chemical weathering
(organic decay). Physical and chemically weathering usually occur simultaneously. Riebe et al.
(2021) concluded anisovolumetric weathering, change in volume due to physical weathering,
produces more porosity when compared to chemical mass loss only.
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Anderson (2019) found microfractures in rock form from low applied stress, such as volume
change from mineral alteration, known as subcritical cracking. Physical breakdown or
disintegration forms smaller rock fragments and increases surface area. This allows for chemical
decomposition of fresh minerals which typically produces clay minerals, oxides, hydroxide and
free silica depending on the factors discussed below.

4.2.1 Chemical weathering of primary rock minerals

Chemical decomposition is the most intense at ground surface and along rock joint faces, with it
usually decreasing in intensity with depth from ground surface and reduction of jointing. Chemical
weathering occurs at surface due to the differing of conditions, compared to deep earth
conditions, causing primary rock minerals to react with the new environment and produce new
secondary minerals that are stable, or at least more stable, at surface.

The type of primary rock mineral is crucial to consider because the rock matrix's pores and micro-
cracks, which allow water to interact with exposed surfaces, typically occur at mineral grain
boundaries, cleavage structure, and preexisting defects within the minerals. These openings are
influenced by the rock mass's stress and strain history. As decomposition progresses, fresh
mineral surfaces are exposed, which exponentially increases the potential for weathering and
leads to varying chemical and physical conditions in the weathering profile (Wilson 2004).

These new surface conditions to consider are as follows:

e |ower temperature,

e |ower pressure,

e Presence of organics,

e Higher amount of free water, and

e Higher amount of free oxygen in the atmosphere.

The main agent responsible for chemical weathering reactions is water and weak acid formed in
water. Rainwater falling from above the ground surface, infiltrates and eventually percolates to the
bedrock becomes slightly acidic due to the particle pressure of carbon dioxide in the atmosphere,
decaying vegetation and other acids in the soil, to form a weak carbonic acid (H-.COs) as shown
in Equation 4-1.

water + carbon dioxide —  carbonic acid — hydrogen ion + bicarbonate ion

H20 + COZ g H2603 s H+ + HCO3 41

H*is a small ion (proton) and can easily enter crystal structures releasing other ions into the water
(Nelson 2017), furthering chemical weathering as shown in Equation 4-2. Therefore, carbonation
in silicates is accompanied by the liberation of silica (Yong et al. 2012). This is an important aspect
to consider when realising the excess of carbon being ejected into the atmosphere due to
anthropogenic activities and the increase occurrence of acidification of rainwater.

The rate of chemical weathering is based on temperature, moisture, composition, potential for
leaching and composition of the leaching solution (Yong et al. 2012).
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Chemical reaction processes can be categorized into hydrolysis (decomposition), leaching and
redeposition, and dehydration. These processes can occur simultaneously, cyclically, or
sequentially, depending on climatic conditions and exposure time or intensity (Fourie et al. 2012).

Hydrolysis is the reaction between a rock mineral, hydrogen ion and water forming two or more
products from the mineral, as shown in Equation 4-2.

orthoclase + hydrogen ion + water — potassium ion + kaolinite + quartz

4KAlSiz04 + 4H* + 2H,0 — 4K* + Al,Si,0,,(0H)g + 8Si0, 4-2

This reaction is a main driver for the weathering of silicates, which are the primary rock forming
minerals. For hydrolysis reactions to cause weathering of rocks, it is necessary for the weathering
products to be removed continuously by a constant supply of fresh water (Yong et al. 2012).
Hence, these reactions occur along rock joints, mineral boundaries and defects, and near to the
surface where continuous water supply is available.

Hydration is the chemical uptake of water by silicates, oxides of iron and aluminium, and sulphates
in rock (Yong et al. 2012). The minerals in the rock form hydrous compounds and an increase in
volume occurs. This differential volume expansion causes fragmentation of rock and increases
rock surface area, whereby increasing potential for more chemical weathering.

Solution (or dissolution) is the process of a mineral decomposing, when slightly acidic water acts
as the solvent, forming a solution. The extent to which minerals will dissolve into water is
dependent on the temperature and pH of the environment and is known as equilibrium solubility.
For example, quartz is practically insoluble in pH ranges below 10, while halite is very soluble in
earth surface environments. Ferrous iron (FeO) is soluble below pH of about 7, while ferric oxide
(Fe203) is insoluble except below under high acidic conditions (pH < 3.5) (Summerfield 2014). The
rock type of significancse in South Africa that weathers through dissolution is dolomite which a
calcium magnesium carbonate mineral and collectively a rock by the same name. The dissolution
process is simply presented by Equation 4-3 (Buttrick 1986).

Dolomite + carbonic acid — calcium bicarbonate + magnesium bicarbonate

CaMg(CO3), + 2H,CO3 — Ca(HCO3), + Mg(HCO3), 43

It must be noted that all major components of dolomite go into solution with very little to no residual
material remaining. This causes the formation of cavities in the rock which becomes receptacles,
for overburden to fall into, forming sinkholes at surface.

Leaching occurs when ions are removed by dissolution into water. For example, K™ion in Equation
4-2 will be carried away by free water. The mobility of ions depends upon their ionic potential.
Ca?', Mg?, Na*, K* are easily leached by moving water, Fe?* is more resistant, and AF* is immobile.
Redeposition may occur in another part of the profile where leached ions (Fe**) are removed from
the free water, usually due to evaporation, resulting in an accumulation of oxides and hydroxides
of sesquioxides in the accumulation zone (e.g. ferricrete horizon) (Blight and Leong 2012).
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Oxidation occurs at surface as abundant free oxygen is present, in air and water, and will react
with minerals to change the oxidation state of the ion (loses an electron). The tendency for
oxidation to occur is based in the redox potential (Eh) of the environment. It is measured in unit s
of millivolts (mV), with the positive values registering an oxidizing potential and negative values a
reducing potential (Summerfield 2014). This most commonly occurs with Fe bearing minerals,
since Fe can have several oxidation states, namely Fe, Fe**, Fe®". This is shown in Equation 4-4.

pyroxene + oxygen — magnetite + quartz

1
3Fe*?Si03 + 50, = Fes0, + 3510, 4-4

Oxidation of minerals by gaseous oxygen occurs by the intermediary action of water (Yong et al
2012). Depending on the partial pressure of gaseous oxygen and acidity of the water, gaseous
oxygen dissolved in water renders the resulting solution an oxidizing potential (i.e. positive redox
potential) (Yong et al. 2012).

Dehydration alters the composition and distribution of the sesquioxides in a manner that is not
reversible upon wetting. The reaction forms very stable iron and aluminium oxide minerals in solil
such as hematite and gibbsite, respectively as shown in Equation 4-5.

goethite — hematite + water

2Fe0-OH — Fe,05 + H,0 4-5

Rock minerals are not equally susceptible to chemical breakdown and mineralogic change.
Typically, the minerals that form at the highest temperature, meaning the first minerals to form
during cooling of magma, forming igneous rocks, are the least stable at low temperature at ground
surface. An example of this is olivine and calcium-rich plagioclase, which is the highest
temperature forming minerals on Bowen'’s reaction series (Bowen 1929). Similarly, the mineral to
form at the lowest temperature, which is quartz, is typically the most stable primary rock-forming
mineral at Earth surface conditions in the series. This is represented by Goldich’s mineral stability
series, which is shown in Figure 4-2, by the most commonly occurring primary rock minerals
occurring in igneous rock. Other less common minerals have not been shown here.

All the above reactions occur to form, and occur in, weathering profiles depending on internal and
external conditions. Many of the by-products from the various reactions are clay minerals, oxide
minerals and quartz (from rock matrix and oxidation reaction). If the weathering is highly intensive,
the primary rock mineral can completely decompose without the formation of by-products forming
openings in the rock mass (Wilson 2004; Bonnet et al. 2023). The clay minerals occupy the fine-
grained portion of the residuum, while quartz and iron oxides tend to occur in the coarse-grained
portions, as well as coatings. Gibbsite, and other amorphous aluminous material, is commonly
found as fillings in pores and voids in concreted particle aggregations (Fourie et al. 2012). It is
important to understand each major component of the residuum before considering the vertical
heterogeneity and complexity of the material.
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Figure 4-2 Goldich’s mineral stability series (adapted from Goldich 1938)

4.3 Products of primary rock mineral decomposition

Soil comprises a four-phase system, gaseous, fluid, soil phases and contractile skin, as discussed
in Section 2. The solid phase can be further separated into two sub-groups of importance.
Inorganic crystalline material includes primary minerals; clay minerals; oxides and hydrous oxides
of iron, aluminium, and silica; carbonates, sulphates, phosphates, and sulphides Inorganic non-
crystalline material consist of hydrous oxides of iron, aluminium, and silica (Yong et al. 2012).
Understanding the properties, role and typically proportion of each will give a good understanding
of the unified behaviour of residual soil and especially completely weathered rock.

4.3.1 Clay minerals

Clay minerals form from reactions during chemical weathering of primary rock minerals. The
composition of the solution during the reactions and the degree of leaching (removing ions from
environment) result in a particular clay mineral (Yong et al. 2012). Feldspar may weather to
montmorillonite first and then to kaolinite, or directly to kaolinite depending on the conditions
during weathering. Limited leaching environments where cations are retained tend to form illite
and montmorillonite, where leaching favourable environments tend to form kaolinite. However,
with excess leaching of silica, iron and aluminium oxides tend to form.

Clays are a major contributor to behaviour of intensively weathered igneous and chemical
sedimentary profiles, and it is important to understand the differences of each major type of
phyllosilicate.

4.3.1.1 Kaolinite group (1:1 layer type)

The kaolinite mineral is made up of a single silica tetrahedral sheet and one aluminium-hydroxyl
octahedral (similar to the structure of gibbsite). The combined silica-gibbsite sheets are held
together by strong hydrogen bonding. The layers are electronically neutral and are attracted to
other clay minerals by weak, short-range, van der Waals forces. Kaolinite is the most common
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clay mineral group and has a chemical formula of Al,Si>Os(OH)4. Kaolinite crystals are usually 0.20
to 2.00 micrometres (um) in size and have hexagonal crystal structure (Singh and Huat 2013).

It forms from weathering (hydrolysis) of feldspar-rich (aluminosilicates minerals) rocks and is the
most common weathering product of feldspars (Wilson 2004). It is typically the end member of a
weathering series from multiple rock types in highly leaching environments (Summerfield 2014).
In order to form, ions like Na, K, Ca, Mg, and Fe must first be leached away by the weathering or
alteration process. This leaching is favoured by acidic conditions (low pH). Kaolinite does not
absorb water due to surface neutrality and only shows very limited shrink or swell when in contact
with water.

4.3.1.2 lllite group (2:1 layer type)

Illite group comprises minerals with two silica tetrahedral sheets with a single aluminium-hydroxyl
octahedral sheet set in between. The illite group has a layer charge of approximately 1 per %z unit
cell (Singh and Huat 2013). The combined sheets are linked together by relatively weak bonding
due to non-exchangeable potassium held between them.

However, due to charge imbalances, the K ion can be exchanged for Mg and Ca. The presence
of the K'ion (and other ions) between the sheets and the high layer charge prevents the adsorption
of water between the sheets and results in this clay mineral group to be non-expansive. lllite type
clays are formed from weathering of K- and Al-rich rocks under high pH conditions. Thus, they
form by alteration of minerals like muscovite and feldspar. Though, micas minerals in the parent
rock remain relatively unaffected by weathering (Singh and Huat 2013). The chemical formula of
illite is KAILx(Si,Al)4O10(OH).. Partial substitution of Si by Al in the silica sheet can occur, but at a
much lesser extent compared to the smectite group. This group occurs as greyish-white or silvery-
grey, sometimes greenish-grey, in colour.

4.3.1.3 Smectite group (2:1 layer type)

Smectite has a similar structure to the illite group but has a much lower layer charge of 0.2-0.6
per %z unit cell (Singh and Huat 2013). In the gibbsite sheet there is partial substitution of Al by Mg
and Fe, and partial substitution of Si by Al in the silica sheet. The most important aspect of this
group is the ability for H,O molecules to attach to hydroscopic surfaces, and to occupy the space,
between the sheets (due to the lower layer charge). This absorption of the molecule causes a
significant increase in the volume of the soil. Therefore, the clay group is considered active (shrink-
swell) clays with a change in moisture content in the soil. Montmorillonite is the most common of
this group, with a chemical formula of (Na,Ca)oss(Al,MQ).SisO10(OH), and usually forms
microscopic-size, platy, micaceous crystals (Singh and Huat 2013).

4.3.1.4 Vermiculite group (2:1 layer type)

This group consists of 2:1 clays that have a layer charge between 0.6 to 0.9 per 2 unit cell. They
form from weathered micas when K* ions between the molecular sheets are replaced by Mg?* and
Fe?* ions (Singh and Huat 2013). Therefore, the chemical formula is (Mg,Fe,Al)s(Al,Si)4010(OH)..
Due to the relatively lower charge, this group can absorb water but not as readily as the smectite
group. This group is considered active clays but not as intense as the smectite group.
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4.3.1.5 Chlorite group (2:1:1 layer type)

This group has the same 2:1 layer as the above groups with an octahedral sheet adjacent to the
2:1-layer sheets. This group comprises four micaceous phyllosilicate end members based on their
substitution of Mg, Fe, Ni and Mn, with the two most common minerals being clinochlore
((MgsAl)(AISiz)O10(OH)s) and chamosite ((FesAl)(AlSis)O10(OH)e). Chlorite group minerals are
commonly found as low-grade metamorphic and igneous rocks. It can form from alteration of mafic
minerals biotite, hornblende, pyroxene and garnet.

4.3.2 Mica

Mica, usually occurring as muscovite and biotite, are essential rock forming minerals of granite
and gneiss. It typically consists of minerals characterised by highly perfect cleavage which allows
the mineral to be separated into very line leaves (Singh and Huat 2013). This group differs widely
in composition and vary in colour. Muscovite is the most common of this group with a chemical
formula of KAL(AISisO10)(OH>). It is resistant to chemical weathering and results in soil by breaking
down into smaller particles, easily identifiable by its lustre in a soil profile.

It can also form in soil from the breakdown of feldspars where it forms as fine-grained aggregates
collectively called sericite (Singh and Huat 2013).

4.3.3 Oxide and hydroxide minerals

Metal oxides and hydrous metal oxides are common components of weathered rock and soils in
general. They form from weathering of common rock forming minerals. Oxides in soil exist as
crystalline (mineral) or amorphous forms. It is important to distinguish between the two.
Amorphous forms of oxides have the ability to coat mineral particles surfaces because of the net
electric charges on the surfaces of both the clay mineral particles and amorphous material. The
charge of the coating amorphous material is dependent on the pH conditions of the porewater
and becomes important when studying interactions between coated soil particles (Yong et al.
2012). Al, Fe and Mn oxides and hydroxides are the most common minerals (Singh and Huat
2013). Gibbsite is the most common of the Al (hydro)oxides. Goethite, hematite, magnetite and
lepidocrocite are among the most common Fe (hydro)oxides.

4.3.3.1 Gibbsite

This mineral has a clay-like layered structure formed from stacked sheets of linked octahedrons
of aluminium hydroxide with a chemical formula of Al(OH)s. The sheets are only held together by
weak residual bonds and these result in very soft, easily cleaved, mineral. It forms mainly in intense
leaching environments (hot and cold temperatures and high rainfall) where most secondary
minerals have weathered away resulting in a relative enrichment of gibbsite. It can be observed in
early stages of weathering where an abundance of feldspars is present.

4.3.3.2 Goethite

It is a common hydrous oxide of Fe found in soil and has a chemical formula of FeO(OH). It forms
in conditions of continuous moisture and aeration within intense leaching environments (hot
temperatures and high rainfall), exhibiting a yellowish to blackish brown colour. It forms from
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weathering of iron-rich minerals (Banerjee et al. 2016). It commonly forms pseudomorphs of cubic
pyrite and other minerals.

4.3.3.3 Hematite

Forms in highly oxidizing environments and in the mineral from of iron (lll) oxide. Rust on metal is
also a form of iron (Ill) oxide. This mineral commonly gives tropic soil profiles the bright red colour.
The chemical formula is Fe-O3; and occurs in high leaching environments (hot temperature and
high rainfall) where other minerals are weathered away resulting in relative enrichment of this
mineral. Hematite commonly forms coatings on clay minerals and quartz grains giving the clays a
red colour (White 2006). Iron oxides typically coat joint infill or can completely seal joints that
existed in the fresh parent rock (Banerjee et al. 2016).

4.3.4 Silica mineralogy

Quartz is generally inert and resistant to chemical weathering and will typically only break down to
finer particles through physical weathering. Thus, the quartz found in soil usually grades in the
sand and possibly silt portion of the soil and influences the behaviour based on grading alone. The
quartz particles are generally coated by clay minerals and (hydro)oxide minerals.

4.3.5 Residual dolomite and wad

The weathering product of dolomite is a special case when it comes to understanding the
mechanism through which it forms and the implications of the behaviour. Dolomite rock contains
more than 90% dolomite (mineral) and less than 10% calcite, secondary silica (chert) and detrital
minerals. Dolomite can be enriched in iron (Fe) or manganese (Mn), but these are usually in trace
amounts (less than 2%) in the overall rock (Buttrick 1986).

The completely weathered rock forms through the removal of soluble dolomite and can result in
an extremely low-density residuum that is enriched in Fe and Mn oxides. When the resulting
residuum is Mn-rich, it is usually dark purple to blue in colour and is termed wad. This material is
further split into two types, namely structured wad and non-structured wad. The former possesses
a highly porous, low-density, usually lower than that of water, structure that is inherited from the
parent rock. The latter is often described as powdery and does not have a prominent structure,
however, relic rock structure is still present. Structured wad typically has a void ratio double that
of non-structured wad and has been found to have a void ratio as high a 13. To keep continuity
on the material type across the weathering profiles, the term completely weathered rock will be
used for wad. The material will be defined as wad when necessary. Residual dolomite forms in the
same manner as residual soils of other rock types.

The Fe oxides are typically goethite and hematite in residuum forming on dolomite (Buttrick 1986;
Swart et al. 2019). The Mn oxides that form in wad and residual dolomite are dependent on the
prevailing environment (Dowding et al. 2005). The most common Mn minerals to form in wad are
birnessite, lithiophorite and todorokite (McKenzie 1972; Post 1999; Dowding et al. 2005; Swart et
al. 2019).
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Birnessite [(Na,Mg,Ca,Mn?"'Mn-O+4] (simplified to -MnO, in geochemical literature) is the most
common Mn oxide in soil. The mineral has typically a sponge to coral type structure and
contributes greatly to the water holding capacity of the material to an extent that is far greater than
its quantity of weight percentage (wt.%) in the soil (McKenzie 1972; Post 1999; Swart et al. 2019).

Lithiophorite [(Al,Li)MnO,(OH).] has a similar structure as birnessite but differ with the presence
of alternating Al-hydroxy sheets layers, between the MnOg octahedra (Dowding et al. 2005). The
mineral typically occurs as a clay and dominates the mineralogy of the clay fraction in the highly
acidic soils of the humid Graskop area in Mpumalanga (Post 1999; Dowding 2004).

Todorokite [(Na,Ca,K,Ba,Mn?").Mns01,.3H,Q] is made up of triple chains of edge-sharing MnOs
octahedra that link up to form 3x3 tunnels (Post 1999). Golden et al. (1986) suggests that
todorokite will not be expected in highly weathered, acid environments due to the fibrous
morphology and influence of magnesium in the formation of the mineral. Post (1999) concluded
when the material is encountered in highly weathering environments, the todorokite is an important
phase in Mn coatings and varnishes.

Fe and Mn oxides in wad have recently been shown to influence the variable and high liquid limits
to a much greater extent than previously thought, especially the presence of the certain Mn oxides
(Swart et al. 2019). Jenne (1968) stated that the chemical influences that Mn oxides have on the
surrounding environment and aqueous solutions far outweighs their concentrations. The type of
Mn mineral is usually difficult to identify due to the poor-crystallinity of the material. This is further
complicated due to Mn minerals having similar x-ray diffraction (XRD) diagnostic peaks to
common clay minerals (Dowding 2004).

4.4 Chemical weathering profile

A typical weathering profile consists of a combination of all the minerals mentioned above and
other less common ones. There are generalisations of expected weathering products (secondary
minerals) based on the parent rock and weathering environment. However, there is no suitable
method to fit a blanket classification system to all possible quantities and forms for each secondary
mineral that make up completely weathered rock and residual soil. This section will investigate
clarifying the accepted generalisations to better understand the formation of secondary minerals
that occupy a weathering profile.

The basic weathering profile is best described by soil scientist concept of soil pedon. The
weathering profile is divided in defined horizons based on the extent and type of pedogenic
processes which generally exist parallel to the soil surface (Shaw 1927). The upper portion of the
soil profile is known as the solum and includes all horizons altered or formed from pedogenic
process (Kellogg 1930).The solum lies on top of the C horizon, which is designated as the
transition layer between the solum and bedrock (Schaetzl and Thompson 2015). Kellogg (1930)
defined this horizon as “parent material that has been unaltered by soil-building forces”. However,
for the bedrock to weather and alter via various chemical reactions, rainwater must infiltrate and
percolate through the surface soils and flow into and through the bedrock.
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This percolated water will most certainly have solids and solutes, picked up in the atmosphere and
surface soils, which will essentially alter the parent bedrock through illuviation and other pedogenic
processes. For this reason, defining the upper boundary of the completely weathered bedrock
from chemical observations alone may be challenging. The idea of a D horizon exists, and it
represents the lower, completely unaltered, weathered bedrock, while the C horizon includes the
upper, slightly influenced by pedological formations and alterations in volume (Kellogg et al. 1936;
Schaetzl and Thompson 2015). Geologists and geotechnical engineers tend to focus on the
macro structure characteristics during logging and will often refer to the C and D horizons as a

singular completely weathered rock horizon.
Futai et al. (2004) studied a profile of weathered gneiss in Brazil. The mineral distribution of the

profile is shown in Figure 4-3. The mineral distribution is typical of igneous and metamorphic rocks
with high amounts of quartz and kaolinite and an increase of oxides present close to the ground

surface.
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Figure 4-3 Mineral distribution in a profile of weathered gneiss (taken from Blight and Leong 2012)

Van der Merwe (1964) observed nine (9) chemical weathered igneous rock profiles in various
locations in South Africa with annual rainfall of between 600 mm and 1100 mm. The study focused
on the chemical compositions, Atterberg limits, and excavated soil texture. There was a generally
increase in plasticity and clay content as weathering increased. The completely weathered rock
possessed relict structure with pedogenic staining and generally graded as a silty sand to sand.
The vertical chemical profile varied but the generally trend showed feldspar, quartz, chlorite,
existed in the lower portion of the completely weathered rock. As weathering increase,
montmorillonite and kaolinite became more prominent while the feldspar and chlorite
decomposed, until eventually kaolinite and quartzite and lesser montmorillonite existed. Much of
the residual profiles were logged as red in colour and therefore it can be deduced that Fe-oxides

were present.
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The movement of Mn in a weathering profile has been investigated by many authors from various
backgrounds (Van der Merwe 1942; Buttrick 1986; Dowding et al. 2005; Dowding and Fey 2007;
Bourgault and Rabenhorst 2011). Mn can exist in multiple different oxidation states in soil but can
only be dissolved if Mn (lll) or Mn (V) is reduced to Mn (Il) or Mn (Il) is released from the crystal
lattice. This process is controlled by the pH value and the oxidation-reduction equilibrium of the
soil. Mn compounds are much more soluble in acid soils than in neutral or alkaline soils, and much
more soluble in reducing than in oxidising soils. The greater susceptibility of Mn to undergo
different forms of oxidation, compared to Fe, makes the Mn oxides readily dissolve into solution
when exposed to further leached, acidic, environments. This can be seen in weathering profiles
where Mn oxides, typically birnessite and lithiophorite which form wad, in highly weathered soils
are normally confined to the C horizon or completely weathered rock, in which the pH may be
more alkaline and reduction subdued enough, to allow precipitation.

Swart et al. (2019) sampled and tested residuum formed from dolomite of the Malmani Subgroup
that outcropped in the northern portion of South Africa. The study showed behaviour of wad, which
is a form of completely weathered dolomite, occasionally incorrectly termed weathered altered
dolomite, is governed by the relict rock structure and presence of Mn oxides. If the wad
experiences more weathering, the material will eventually densify, destroying the relict structure.
The Mn content will gradually be replaced by Fe ions as weathering continues turning the soil red
in colour and forming goethite and hematite as well as gibbsite in highly weathering environments.
Once this has occurred, the material will have a higher weight percentage of Fe oxides than Mn
oxides and the material is defined as residual dolomite. The relative enrichment of the Fe will cause
the metal oxides’ crystal structure, namely the Mn oxides, to tend towards an amorphous state
reducing the originally large reactive surface area. This chemical change has the biggest impact
on the material’s unsaturated behaviour leading to lower liquid limits and water holding capacities
(Swart et al. 2019).

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 Figure 4-4.

This degree of weathering will usually result in a typical sequence of mineral occurrences with
depth, as shown in Figure 4-1. The mineral which forms at a certain depth within a profile is
dependent on the composition of the pore water, mineralogy of 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, and is presented in Figure 4-5.

54

© University of Pretoria



(¥ Weathering Front

H,CO0, /

Residual soil
Increasing state
¥ of weathering
== (leaching) and
52 alteration
ac 0::
E® 2%
: 8% =
Ca, Mg, K, Na, Si ‘ §
o
Highly weathered |
rock i
«—— Weathering
Leached away or Front

taken up by plants

Figure 4-4 Movement of weathering front forming typical soil profile

Generally, all feldspars and mafic minerals weather to kaolinite in free draining profiles in areas
that class as Weinert N-value of less than 2 in Southern Africa (Weinert 1980). Usually following
the path of primary mineral to montmorillonite to eventually kaolinite or directly decompose to
kaolinite. 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 completely 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
guantities of mobile ions such as Ca?*, Na*, and K*, and the relative accumulation of immobile ions
such as Fe** and APP*. 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.
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Figure 4-5 Schematic representation of the relations between leaching intensity and types of minerals
formed (taken from Summerfield 2014)

The most frequently used method to measure the degree of weathering is the chemical index of
alteration (C/A). 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 calculated as presented in Equation 4-6.

Al,0
T ALOs + Ca0*2+ j\laZO T K0 < 100 e
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

CIA
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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-R?* 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
accumulation of less mobile elements during weathering (Bonnet et al. 2022). Each component
of the M*-4Si-R?* 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 limitations due to chemical components used to
calculate the degree of weathering. To fully utilise the method, the parent 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 weathering (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 residual soil. The method does not make use of SiO,, CaO, and
P-Os in the calculations but, of the six elements in the equation, the largest influence to determine
the weathering is the leaching out of Na,O and accumulation of Al2Os.

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, microcracks and openings will form, whereby increasing surface area and permeability
to further the weathering process (Liu et al. 2022; Bonnet et al. 2022; 2023).

4.5 Structural weathering profile

Throughout the decomposition of the parent rock, the structure is largely retained (Kellogg 1936;
Schaetzl and Anderson 2005), however a weathered rock profile does undergo continuous
volumetric strain as the degree of weathering increases (Banerjee et al. 2016; Hayes et al. 2019;
Riebe et al. 2021; Liu et al. 2022; Dos Santos et al. 2022; Bonnet et al. 2022; 2023). Chemical
weathering of rock implies the alteration of primary rock minerals 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 minerals 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 reduction of the dry density as the weathering front pushes deeper into ground
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profile. As weathering depth increases the upper 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). This process is shown in Figure 4-6.

bl 0%,
Sop
8 0,5/.
Q,. 94
o Y
%
=
= o
[0} 4 (o)
e N by
> Rock _—" @Q/é'o/@/ Primary rock
© broken by Open % % minerals
8’ hand p (fr ous o) transformed to Typically
) C,
% structure 4 clays I ?d’ clay
o} rich Collapse
8 and
- : reworking
Soil like Becoming
residual soil

v

Increasing state of weathering

;;)%l:t;e 4-6 Change in dry density in relation to decomposition (adapted from Dippenaar et al. 2024; Hencher
Bonnet et al. (2022) study how the chemical weathering process impacts the Viaméao granodiorite
rock profile in South Brazil. The degree of chemical weathering, grain fragmentation, and
development of connected porosity intensifies 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
macrocracks. 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).

Swart et al. (2019) investigated the influence the relict rock structure and chemical components
on the hydromechanical behaviour of wad and residual dolomite. The definitions and differentiation
of wad and residual dolomite are based firstly on the chemical composition of the material, be it
Mn- or Fe-rich, and secondly on the presence of structure. Wad is divided into two groups based
on the structure, to either structured wad or non-structured wad. Structured wad is the insoluble
residue that occupies a similar volume to the parent rock after the soluble rock leached away
resulting in a high porosity and low permeability material. The structure observed in the wad is
inherited from the parent rock, and it could be said wad is a form of a completely weathered rock.
Structured wad possesses more than double the average void ratio value than non-structured
wad. The void ratios are generally greater than 1.00 and have been found to be as high as 16.0.
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The inherent fabric present in the residual dolomite is the major influencer of the water holding
capacity and unsaturated soil behaviour.

The natural moisture content of structured wad usually exceeds the liquid limit (Buttrick 1986;
Wagener 1982; De Beer 1985; Brink 1979; Swart et al. 2019).

Breaking down of the structure through intense weathering or external factors results in a
decrease of water holding capabilities and may cause the material to liquify in-situ without a
change in moisture content.

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 material (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. 2022; 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 Figure 4-7. Soil with structure is expected to yield if the yield
pressure is reached under load and weaken. Non-structured soil is expected to compress and
strengthen as loading continues.

Yield Stress

\ Increasing stress

Strain hardening - typical of
soils with a low liquidity index

Increasing strain

\
Yielding - typical of soils \
with a high liquidity index b Y

Figure 4-7 Recommended analysis for soil compressibility behaviour when testing residual soils (adapted
from Wesley 2019)

The liquidity index is a key indicator of structured residuum behaviour, particularly in terms of
sensitivity and strength. Soils with a high liquidity index, a value of 1 or greater, often experience
significant strength loss when the structure is destroyed. A soil with a high liquidity index is at a
natural moisture content near or greater than the liquid limit. The structure of the soil allows it to
have a water holding capacity greater than the liquid limit. When the structure breaks down, the
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material will liquefy, resulting in a massive loss in strength. When testing soils with high liquidity
indices, they may exhibit a well-defined yield stress under loading, though this is not always the
case. Some sensitive soils have a strong structure that resists remoulding and failing under load,
requiring significant energy to cause the structure to break down, and may not display a clear
yield pressure on the strain graph. Understanding these properties is essential for evaluating soil
performance in engineering applications (Wesley 2010; 2019).

Rocchi et al. (2017) investigated the influence of weathering on the physical and mechanical
properties of igneous rocks and found that the presence of the relict rock structure 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 compaction 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 susceptibility (inherent structural tendency to degrade), vulnerability (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 under load when the models
are applied to completely weathered rock.

Obermeier and Langer (1986) found that highly decomposed completely weathered rock
undergoes rapid weathering when exposed in an excavation, and the material can change from a
medium hard rock to an extremely weak rock within 48-hrs. 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 samples
have on the compressibility and strength of the material. 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 connection 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 as hydraulic properties based on pore networks, should be assessed, taking into
account soil structural vulnerability (Hu et al. 2023).
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4.6 Conclusion

The development of the weathering profile is mainly driven by chemical decompositions of the
rock. The alteration of primary rock minerals will cause volumetric changes resulting in micro
cracking forming. Therefore, chemical and physical weathering are closely linked and will occur
simultaneously throughout the weathering process. Primary rock minerals tend to follow certain
weathering series depending on the mineral’s composition and intensity of weathering assuming
the rock profiles are free draining. The chemistry of the material influences the unsaturated
behaviour which is often not appreciated in geotechnics to the extent that the grain size
distribution and macrostructure of the soil is. The chemical weathering indices can be used to
quantify the degree or state of weathering for different lithologies to be used in a comparative
assessment.

During the initial weathering stages of rock, the porosity that forms tend to be at the grain
boundaries, cleavage planes or minerals surface defects. Thereafter, microcracks form due to
various processes which increases the porosity and connectivity of the completely weathered
rock. These cracks will continue to propagate and can be filled with clay minerals or sealed with
Fe-oxides. Under intense weathering conditions the completely weathered rock will have a high
structure vulnerability and may lose the structure and, therefore, the strength and pore network
through external stresses such as rapid weathering or external loads.

The vulnerability and sensitivity of completely weathered rock and residual soil should be assessed
and placing the material through a testing regime of traditional soil testing techniques. The degree
of weathering of the samples can be quantified and compared through chemical weathering
indices and be used to assess if there is a link between the state of weathering, which influences
the structure, and the materials’ behaviour.

The best way to characterise the weathered induced changes to the structure and chemical
components is with the use of XRCT scans. Deducing the state of the structure in a weathering
prolife and comparing it to results of traditional, well-understood, mechanical testing methods will
allow for the comparative study to determine the alteration of the hydromechanical behaviour
through weathering, and to determine the vulnerability of the soil to further degradation and
sudden changes in the environment.
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5 Materials and Methods

5.1 Overview

The selection of sample locations was guided by the necessity to find weathered rock profiles that
included both residual soil and completely weathered rock near the surface, ensuring accessibility,
analysis and sampling through conventional machine excavation methods, and existing manmade
cuttings and excavations. The completely weathered rock needed to exhibit properties that would
allow it to excavate as a silt. Consequently, the focus was placed on fine-grained igneous rock
and dolomite rock, as the chemical weathering products from both rock types are often fine-
grained soil. These lithologies were ideal because, through intensive weathering, most of the
primary rock minerals either completely transformed into secondary minerals or dissolved, leaving
behind pore spaces. This ensured that the relict rock structure was maintained without the
influence of slightly weathered fragments or hard, altered, lineations formed during
metamorphism.

The critical criterion was to avoid coarse-grained material or any slightly weathered rock fragments
that might influence the rock’s porosity or skew the mechanical properties of the silt-like material
being studied. The rock profiles had to represent a consistent state of complete weathering to
allow for accurate evaluations of hydraulic and mechanical properties. However, a significant
challenge arose when trying to classify the excavated material as a silt on site. The Guidelines for
Soil and Rock Logging in South Africa (2001) did not provide adequate techniques for identifying
silt or mixtures of silt, sand, and clay, making the classification process ambiguous. The process,
testing and findings to derive a testing methodology to be used on site to identify silt quantities in
soil is discussed in Section 6.

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 implications it has on the
material’s mechanical strength and permeability across various lithologies. Undisturbed samples
were taken at each sample location and 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 soil and pedogenic structure in residual soils due to its
availability in industry, cost-effectiveness, and recommendation as stated in Wesley (1990; 2010).
Placing the undisturbed material under load will assess the vulnerability of the material. The
saturated permeabilities were tested in a triaxial cell. 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 appropriate chemical weathering indices and therefore
chemical components needed to be determined.
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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 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 mechanical and hydraulic behaviour of samples taken
from various weathering profiles and how the state of weathering, presence of relict rock or
pedogenic structure, chemical constitutes, and pore geometry of the sample, influence the
expected behaviour. A comparison is done with samples forming from the sample lithology and
weathering profile, as well as samples from different lithologies in a similar state of weathering.

5.2 Locality

The study area spans the eastern escarpment and the western, central, and eastern Highveld
regions, located across the North West, Gauteng, Mpumalanga, and Limpopo provinces. 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 typical ground profile facilitates access to residual soil and completely weathered rock
material for sampling and logging by in freshly excavated trial pits. Sample locations were selected
based on expected bedrock geology, primarily dolomite and igneous rocks, and accessible
weathering profiles.

The primary research and testing were conducted at the Tzaneen, R533, Dullstroom, Graskop,
and Highveld sites. Data and sample material from these locations, as well as findings from Swart's
(2019) study on dolomite weathering and its residual products, were incorporated into this study.
The sampling objective was to collect completely weathered rock that breaks down and sieves
into a silt-grade material. The field identification methods used to confirm the presence of silt is
discussed in Section 6.

The sample locations, named after the nearest town, road, or suburb, are shown in Figure 5-1.
The sampled geology is colour coded as shown in the legend.
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Figure 5-1 Locations for sample retrieval

5.3 Sampling

The exposed ground profile at each location was logged according to the methodology 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 Backhoe (TLB) (model: JCB 3DX or similar).

This research occurred over several phases of site visits and sampling campaigns. It is such that
not all samples went through the same testing methodology, however, were put through testing
regimes that were appropriate considering the sample condition. Table 5-1 summaries the sample
data and provides the sample identification (ID) to be used in this thesis. Table 5-2 summarises
the testing methodologies conducted on the appropriate sample. Each test methodology is
explained in Section 5.4.
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Table 5-1 Summary of samples retrieved at each location

Location Geology Sample material description Sample ID Data Reference
Tzaneen Diabase Residual soil 2828 -
Completely weathered rock 2829 -
R528 Granite Residual soil 2830 -
Completely weathered rock 2831 -
Dullstroom Andesite Residual soil 2842 -
Completely weathered rock 1357 -
Completely weathered rock 1354 -
Completely weathered rock 2835 -
Graskop Dolomite Residual soll 2832 -
Completely weathered rock (non- | 2833 -
structured wad)
Highveld Completely weathered rock 2930 Swart (2019);
(structured wad) Bester (2021)
Completely weathered rock 2850
(structured wad)
Completely weathered rock 2820
(structured wad)
Completely weathered rock 2860
(structured wad)
Completely weathered rock 2840
(structured wad)
Completely weathered rock 2880
(structured wad)
Residual dolomite 2870
Residual dolomite 2790
Residual dolomite 2730
R533 Completely weathered rock (non- | 1510 Swart (2019)
structured wad)
Doornhoek Completely weathered rock (non- | 1520
structured wad)
Sudwala Completely weathered rock (non- | 1530
Caves structured wad)
Carletonville Residual dolomite 1540
Southdowns Residual dolomite 1560
Bokkraal Residual dolomite 1570
Mooiplaas Residual dolomite 1580
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Table 5-2 Summary of sample types and testing conducted on the various samples

© University of Pretoria

Sample , o Test
Geology Sample material description : —

ID FI Oedometer Chemical Permeability XRCT SWRC
2828 Diabase Residual soil o . . o .
2829 Completely weathered rock o o o o o
2830 Granite Residual soil o . o .

2831 Completely weathered rock o o o o
2842 Andesite Residual soil o . . o .
1357 Completely weathered rock o o
1354 Completely weathered rock o o
2835 Completely weathered rock o o o o o
2832 Dolomite Residual soil . . . ° °
2833 Completely weathered rock (structured wad) o o o o o
2930 Completely weathered rock (structured wad) o o o o
2850 Completely weathered rock (structured wad) o o
2820 Completely weathered rock (structured wad) o o
2860 Completely weathered rock (structured wad) o o
2840 Completely weathered rock (structured wad) o o
2880 Completely weathered rock (structured wad) o o
2870 Residual dolomite o o
2790 Residual dolomite o o
2730 Residual dolomite o .
1510 Completely weathered rock (non-structured wad) o o
1520 Completely weathered rock (non-structured wad) o o
1530 Completely weathered rock (non-structured wad) o o
1540 Completely weathered rock (non-structured wad) o o
1560 Residual dolomite . .
1570 Residual dolomite . .
1580 Residual dolomite . .

Notes: FI - Foundation Indicator; XRCT — X-Ray Computed Tomography; SWRC — Soil Water Retention Curve
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5.4 Testing methodology
5.4.1 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).

5.4.2 Oedometer testing

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 onto the sample and the
deformation response is measured. The consolidation 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 testing 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 recompacted at the founding level thereby changing the
density and porosity. The change in volume will impact the porosity 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 samples underwent a full
compression test before the material was removed and remoulded to destroy any remaining soil
structure. The remoulded soil material was placed back into the oedometer cell and compacted
to achieve the in-situ density. 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.

Bester (2021) sampled and tested material from the same profile encountered at the Highveld
site, and these results were used to supplement the testing regime conducted on the material.
Therefore, no samples from this site underwent remoulding and only the in-situ condition of the
material was tested.

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
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ratio. The material formed through weathering and leaching of rock and not by consolidation of
sediments under load. Therefore, the above-mentioned parameters do not apply to the material
and can be misinterpreted due to the log stress curve. Therefore, 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 (m,) 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’ses) and is
defined by Equation 5-1 (Knappett et al. 2012).
MN

1
Eoea = — = (—5) = MP
oed ™ (mz) a

5-1

The m, 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.

5.4.3 Triaxial Permeability

The permeability values of the samples were tested according to the methodology as stated in BS
1377-6 (1990) code. The samples were statured and placed under a confining pressure of 100
kPa and allowed to consolidate before the test was conducted. To ensure the testing methodology
was normalised between samples the consolidation pressure was limited to 100 kPa to ensure the
sample does not yield and undergo any significant loss of pores structure. Determining the
permeability values for heterogeneous soils is extremely challenging and highly dependent on the
scale of the samples and the representative elementary volume (REV) being tested (Koestel et al.
2020). The purpose of testing permeability was not to establish a definitive value for each material
type but rather to investigate how the weathering state within a profile and the disturbance of the
in-situ structure influence the results. The difference in strain experienced during the consolidation
between the samples was used to assess the vulnerability of the undisturbed samples and
sensitivity of the material when remoulded.

The samples underwent falling head tests due to the material grading as mostly silt and clay and
lesser sand. Each sample were cut into a cylindrical specimen capped by porous disks and
enclosed in a flexible membrane to prevent lateral leakage. The test involved applying a hydraulic
gradient of 10 kPa, and the reduction in water head over time was measured to calculate the
coefficient of permeability.

The Tzaneen, Dullstroom, R533 and Graskop undisturbed and remoulded samples underwent
permeability testing. The testing data for Highveld samples, and the Doornhoek, Bokkraal and
Mooiplaas samples were retrieved from Bester (2021) and Swart (2019), respectively. Therefore,
these samples were only tested in the undisturbed state.

5.4.4 XRF and XRD

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

The Bokkraal, Mooiplaas and Doornhoek samples were determined at the University of Pretoria
X-Ray Analytical Facility housed in the Stoneman Building. The remainder of the samples were
tested at UIS Analytical Services in Centurion. The samples from each locality were milled and
prepared in the laboratory.

The former XRF samples were analysed using the ARL Perform’X Sequential, and the latter using
the ARL ADVANT'X Series, XRF instruments and Quantas software. The XRD samples were
prepared according to the standardized Panalytical back loading system, which provides nearly
random distribution of the particles. The samples were analysed using a PANalytical X’Pert Pro
powder diffractometer in 6-8 configuration with an X'Celerator detector and variable divergence-
and fixed receiving slits with Fe filtered Co-Ka radiation (\=1.789A). The phases were identified
using X'Pert Highscore plus software. The relative phase amounts (weight%) were estimated
using the Rietveld (1969) method.

5.4.1 X-Ray Computed Tomography

The sampling methodology for X-Ray Computed Tomography (XRCT) samples comprised
undisturbed block and tube samples. The tube samples, taken at Dullstroom and Graskop, were
retrieved by pushing a PVC pipe (30.0 mm x 150.0 mm) into the sidewall of a freshly dug test pit.
These tube samples were wrapped and caped to ensure minimal loss of moisture. At the Tzaneen
site, the tubes refused on the sidewall surface and therefore, undisturbed block samples were
retrieved and were wrapped in plastic and waxed appropriately to ensure moisture loss was
minimal before being tested in the laboratory. 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 Services by means of their Nikon XT H225 ST
system. The scans were conducted at 180 kV and 330 uA where approximately 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 Section 2, 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 as discussed
in Section 4. The purpose of obtaining images using the XRCT scanner was to characterise the
pore space orientation and size distribution, and the persistence of the relict rock structure and
infill material of undisturbed samples.
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The scan could be done with no sample preparation, which ultimately preserves 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.

5.4.2 Soil Water Retention Curve

The influence of the highly porous, relict rock structure, observed in the wad sample (2930)
retrieved at the Highveld site was tested by recording the suction pressures in both an undisturbed
and remoulded state. The pore pressure tensiometer (PPT), as described by Jacobsz (2018), was
used to measure two drying curves in each sample, respectively. This testing methodology and
testing results have been discussed in Swart et al. (2021).

The tested structured specimen was cut from the undisturbed block sample and placed in a ring
and saturated using de-aired water. The spoil after cutting the structured specimen was taken and
the macro-structure was further broken down with a rubber spoon. The spoil was air dried and
remoulded to fit the testing ring as close as practicably possible to the in-situ density. The
remoulded specimen was brought to approximately full saturation using de-aired water. The
measurement of the Soil Water Retention Curve (SWRC) for both samples took place along a
drying path, starting close to saturation, and ending at the point of cavitation of the PPT.

A description of the tensiometer design is provided by Jacobsz (2018). The testing procedure
implemented, referred to as the continuous tensiometer approach has been described by Gaspar
et al. (2019). The PPT has been proven to accurately measure suctions in excess of 500 kPa
(Jacobsz 2018). A datalogger and an electronic scale was used to record the change in suction
and mass of the samples at a logging rate of 5 and 1 second intervals, respectively.

5.5 Conclusion

The methodologies outlined in this chapter were designed to comprehensively assess the
hydraulic and mechanical properties of completely weathered rock and residual soil focusing on
the influence of weathering on their physical, chemical, and structural characteristics. The detailed
sampling strategy ensured that material representative of various weathering profiles was
selected, while the combination of completely weathered rock and residual soils allows for in-depth
investigations into the behaviour of these materials under varying conditions.

The integration of standardised testing, including oedometer and permeability testing, and
advanced testing methods, namely XRCT imaging and SWRC, provides a robust framework to
evaluate key properties such as porosity, strength, and permeability.

The use of remoulded and undisturbed samples enables a comparison of the materials' sensitivity
to structural disruption, further enhancing our understanding of their response to mechanical
loading and fluid flow.
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These methodologies set the foundation for subsequent chapters, where the results from these
tests will be presented, analysed, and discussed in relation to the study’s objectives. By
systematically linking the testing outcomes to weathering states, lithology, and relict structure, this
research aims to contribute to the broader understanding of completely weathered bedrock
behaviour in engineering and geotechnical context.
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6 Field Identification of Silts

As mentioned in Section 5.1, a first phase site visit was conducted to develop a methodology to
more precisely identify silt and mixtures of silt, sand, and clay in the field. The field identification
techniques used in this study relied on the use of water, working hands, and common stationery
brought to the site. This hands-on approach enabled the author to refine the classification of silts
and mixtures of fine-grained materials to a maximum of 2.00 mm grain size, overcoming the
limitations of existing standards. By implementing these methods in the field, we were able to
accurately categorize materials for further testing and analysis without the need for in-situ or
laboratory equipment on site.

This work is discussed and published in Swart et al. (2023) and is how referenced in the latest
South African soil and rock description guidelines as the gold standard in texture identification on
site (Dippenaar et al. 2024). The literature review and methodology will briefly be explained, and
the detailed literature review and methodology can be obtained in Swart et al. (2023). The detailed
methodologies for the laboratory testing have been explained in Section 5.

6.1 Literature review for soil texture determination

Natural soils are typically highly complex due to the wide ranges of textures possible and the
presence of minerals with reactive surfaces. Soil classifications typically assume the sand and silt
grain surfaces are inert, and plastic behaviour only originates from the clay portion. To effectively
classify soil into a material type, more than one parameter or test result, is needed. Many authors
discussed the difficulties in determining the silt and clay percentages using the hydrometer
method. Therefore, authors have proposed to class soils based on their plastic behaviour,
mineralogy and the grading, rather than the quantities of individual grain sizes only. (Savage 2007;
Stott and Theron 2016; Moreno-Maroto and Alonso-Azcarate 2022; Swart et al. 2023)

The mechanical sieving to determine the gravel and sand percentages of a sample is usually
simple and effective. However, when sampling completely weathered rock that excavates as a
soil with weathered rock fragments present, the final sieving analysis results are dependent on the
energy applied and methodology used during the sample preparation (Rabot et al. 2018; Swart et
al. 2023).

The plastic behaviour is based on the Atterberg limits which determines the changes in material
characteristics with a change in water content. From the grading results of the mechanical sieve
and plasticity determined, a soil sample can be grouped using the Unified Soil Classification
System (USCS).

The components of a fine-grained soil (fine sand, and silt) and the plasticity and quantity of clay
material can be determined when using a series of field tests as described by Burmister (1949),
Hunt (2005) and Norbury (2020), and as stated in ASTM D2488-09a (2009). The existing field
tests recommend that the medium sand and coarser particle grains are removed before
conducting the tests. Most natural soils, especially residual soils, comprise varying quantities of
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clay, silt, and fine to coarse sand, and therefore this preparation step cannot be practically done
on-site.

The field tests are based on well understood characteristics and behaviours of a pure clay, silt,
and fine to medium sand. A principal characteristic of clay is the high plastic behaviour that even
a fat silt will not express. Silts are able to possess very slight plastic behaviour, but deform and
typically dilate during deformation (Paniagua et al. 2013). Silts also tend to hold onto water though
capillary tension where the clays do so with adsorption and capillary tension. Medium sands
cannot hold onto water through either mechanism, and possesses no plastic behaviour.

This researched aimed to produce a methodology that uses the known reactions with changes in
water content and loading to determine the soil texture. These methodologies should be used on
soils with a particle size up to 2.00 mm. These tests should not need extra equipment and should
only require a small amount of water (Swart et al. 2023).

6.2 Sample localities and testing methodology

To ensure the proposed methodology is thoroughly tested, a large amount of sample material was
required comprising mainly silt mixtures of natural soils. Existing road cuttings allowed for easy
sampling of material from weathering profiles forming in the Magoebaskloof-Tzaneen and
Dullstroom-Mashishing areas. The sampled material retrieved formed from parent rock of the
Duivelskloof Leucogranite, Turfloop Granites, and Dullstroom Formation. The sample locations are
presented in Figure 6-1.
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Figure 6-1 Sample points for field identification testing

All sampled material were placed into bags and transported to a single testing location. All the
material was air dried and broken down using a rubber hammer to ensure all soil structures have
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been broken down. This was done to ensure all the materials are silt mixtures with varying
quantities of clay and sand.

The Atterberg limits and soil grading were measured according to the testing procedure outlined
in the SANS 3001 series, as described in Section 5.4.1.. Due to the uncertainties of the
hydrometer test, these results were supplemented with the visual inspection of the soil grains using
a stereomicroscope and a Scanning Electron Microscope (SEM).

A stereomicroscope is an optical microscope (model: Zeiss Stereo Discovery V20) designed for
low magnification for observation of a sample’s inter-particle relation, and shape and size of grains,
using reflected light from the surface. The samples were analysed at various magnifications, and
photographs of the most representative sections of the samples were taken. Undisturbed samples
were oven-dried before being examined in the laboratory.

The soil grains of disturbed samples were observed using a Zeiss Gemini SEM under different
magnifications best suited for the material. The SEM scans the material surface with the use of a
focused beam of electrons, producing an image revealing the surface topography. Investigating
the microscopic structure of the soil grain may build an understanding of the sample grading and
typical minerals present.

Sample preparation includes oven-drying samples before being placed on a sticky carbon disk.
The material was coated with a layer of carbon to create a conductive surface on the soil sample.
Thereafter, the sample was placed in a vacuum within the SEM equipment and the sample was
analysed. The preparation process essentially renders the sample as disturbed.

The samples were tested using chemical analysis techniques, namely X-Ray Fluorescence
Spectroscopy (XRF) and X-Ray Diffraction (XRD). These tests were done to determine the
influence mineralogy has on the plasticity.

Included in this study are samples of the Salnova Formation retrieved from an open excavation
near Ggeberha, South Africa. These samples did not undergo as rigorous testing as the samples
discussed above, however it is included to show how the influence of soluble salt content impacts
on the particle size analysis, namely the hydrometer test results (Picornell et al. 1990; Lorefice
and Malengo 2006; Wuddivira et al. 2023). These samples, as will be discussed, do not grade as
a silt mixture but illustrates the importance for the need to have more than one soil classification
methodology during an investigation.

6.3 Field tests

The guidelines and methodologies for each field test discussed here has been published in Swart
et al. (2023). The description and methodology of these tests have been excluded from this thesis.
The methods are stated in a factual manner and to change the descriptions would be to change
the possible results. For all the detailed testing procedures, refer to Swart (et al. 2023).

Table 6-1 has been included and shows the range of results for each inferred soil class. Once all
the testing has been done, the results are compared to each table column. The column with the
highest results is therefore the soil texture and inferred soil class.
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Table 6-1: Identification table for inorganic, fine to coarse grained, soils from field tests (Swart et al. 2023)

moisture front

Inferred USCS class CH CL, MH, CL-ML MH, ML, CL-ML ML SC, CL ML SC, SW-SC, SP-SC | SM, SW-SM, SP-SM SW, SP
Texture CLAY Silty CLAY Clayey SILT SILT Sandy CLAY Sandy SILT Clayey SAND Silty SAND SAND
Test Soil response
) : Rapid or material to
Dilatancy None None to slow Slow Slow to rapid Slow to none ?v:ﬁlgomklfzs lljlltf;)rmed Slow to rapid mﬁlg%ﬁ: bal formed coarse for test. Weak
ball formed with difficulty
Picked up with difficulty, .
- : Medium to fine sand
Readily picked up Readily picked up Readily picked up breaks when p|cke§ uw forms weak ball. Cannot
. between finger and after drop (~20% silt). ) )
Ball pickup / drop - - - - between finger and between finger and ) ] be picked up. Medium
thumb (breaks after Picked up readily,
thumb thumb sand only cannot form
more than 3 drops) breaks after few (~3) ball
drops (35 - 50% Silt)
- Readily picked upat5 |_. - | -
. Readily picked up at <3 Readllly picked up. ats mn diameter o picked Picked up W|th.d|fﬂculty Readily picked up at 5 |Breaks, cannot be Picked up w1th. difficulty |{Only thread >5 mm can
Thread pickup ) mm diameter to picked o or cannot be picked up : or cannot be picked up |form. Breaks, cannot be -
mm diameter o up with difficulty or mm picked up at 5 mm ;
up with difficulty at 3 mm at5mm at5mm picked up
breaks at at 3mm
Plasticity High Medium Low Non-plastic Low to medium Non-plastic Low to non-plastic Non-plastic -
. . . Low or thread cannot be " Low or thread cannot be |Very Low or thread
Toughness High Medium Low to medium formed Medium Very low formed cannot form -
Dry Strength High to very high Medium to high Low to medium None to low Low to high None to very low None to low None to very low -
Smooth, sticky (when Smooth and sightly Silky to smooth, sounds Smooth with slight 'sand |Sliky with slight 'sand  |Smooth to sliky with
Feel wet) s sticky; possible chance sli k:tl ri , Silky, sounds gritty r feel, sli rgnl ri kyr feel' ; ri ritty feel N Gritty, sandy )
of slight gritty sound ightly gritty pape , slightly gritty |pape » gritty gritty
Behaviour in air Dngs slowly with Drlgs slowly with Dries quickly, brushes  |Dries quickly, brushes Dngs slowly with Dries quickly, brushes  |Dries quickly, brushes Dries rapidly, brushes off )
shrinkage shrinkage off off shrinkage off off
. . Deforms Wi rup_ture. Rupture. Difficult to Defo.r e, rugturg Rupture. Difficult to Rupture. Difficult to Rupture. Difficult to
Cohesion Deforms without rupture.|Maintains shape during |Rupture shape when very d possible. Maintains shape when d shane when very d shane when d -
handling pe yary shape during handling pe "y pe ryary pe "y
Maintains moisture Maintains moisture Moisture drains slightly {Moisture drains readily |Maintains moisture quture dra!ns Quickly Moisture drains slightly . ) .
. . ) . ) ) ) . . ) during handling. . ) Moisture drains rapidly.
Drain test during handling. No during handling. Very  |during handling. Small  |during handle. Moderate |during handling, small during handling. Small -
) . . ) . . Moderate to large . Large water front.
moisture front small mositure front mositure front moisture front mositure front possible. mositure front.
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6.4 Results

Most of the samples were retrieved from existing road cuttings along the eastern escarpment of
South Africa. The sample material was generally desiccated residuum and completely weathered
rock. The ground profiles were logged and photographed by the author with a typical photograph

presented in Figure 6-2.

B S IS oW

Figure 6-2 Typical sampled and logged road cutting profile (photograph taken by D Swart)

Two (2) samples, namely 686 and 687, were taken from a test pit dug in the Salnova Formation
are beach, nearshore and estuarine in origin and comprises varying levels of salinity (Hassan et
al. 2022). These sample underwent only sieve, hydrometer and Atterberg limits testing. However,
these sample test results are included in the study to illustrate the impact of soluble salt
contamination of the hydrometer solution can skew clay content results. A photograph taken of
the, excavated and sampled, silty sand is presented in Figure 6-3.
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Figure 6-3 Excavation spoil from the Salona Formation comprising silty sand in a dry state (photograph

taken by D Swart)
6.4.1 Soil grading and Atterberg limits

The particle size percentages (%), Atterberg limits test results, and the laboratory assigned USCS
classes for each sample are summarised on Figure 6-4. Moreno-Maroto and Alonso-Azcarate
(2018, 2022) proposed the use of the clay factor which is the ratio of plasticity index (PI) and the
liquid limit (LL) (i.e. PI/LL), which is an indicator of clay characteristic in the soil. Soils with values
greater than 0.50 indicate the presence of plastic clays; values between 0.33 and 0.50 indicate
moderate to slightly plastic behaviour in soils made up of clay, silt, and sand; and values less than
0.33 suggest the soil comprises silts and sand with low to non-plastic behaviour. The clay factor
and summary of particle size for each sample is presented in Figure 6-5.
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Summary of soil grading and Clay Factor results
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Figure 6-5 Summary soil particle % passing or retained at 0.0 75 mm sieve and clay factor test results
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6.4.2 XRF and XRD results

The XRF results revealed the samples are generally made up of SiO. and AlLOs, typical of highly
weathered soils, and lesser MgO, Fe;Os3 and K>O. The XRD test results are presented in Figure
6-6. The samples are generally made up of quartz and kaolinite which is typical of deeply
weathered residual soils that formed from felsic bedrock. Varying quantities of original parent rock
minerals, such as muscovite, microcline, albite and rutile, still exist in the soil, and these are
expected to occupy the silt and sand portions of the soil. Gibbsite, hematite, and goethite are
typical of highly weathered soils and are expected to occupy the clay portion of the soil and as
surface coating of silt and sand size particles.

Summary of XRD results

100 — — e — ] — — _—

80

” =11 B
| --

50

©c o -
o ©

(@]
~

o
o

XRD Phase Percentages (%)
o
"
Clay Factor

w0 ] B m
O _
30 03
: [
. . o | | (e
20 — i 02
o © o o
10 01
o] (] (©] o] 6]

310 3 312 313 314 315 316 317 318 319 320 321 322 323 324 325
ML SM  CL-ML ML ML ML SM SM ML SC CL ML ML MH MH ML

B Kaolinite OGibbsite BMuscovite OMicrocline BAlbite @Quartz BHematite BMGoethite BRutile ©Clay Factor

Figure 6-6 Summary of XRD results and clay factor
6.4.3 Stereomicroscope

Each soil sample was visually analysed to support the findings of the laboratory and field-testing
results. This was done by qualitatively examining the coarse silt to sand particle size distributions,
which minerals exist as either a silt or sand, and the possible surface coating of the sand and silt
particles. Photographs taken of representative samples indicates all the soils are dominantly made
up of silt, clay, and fine sand material. The silt and sand are mainly quartz grains and other rock
forming minerals such as microcline and muscovite, and they are typically coated by clay minerals
(kaolinite) and metal oxides creating a reddish hue. Figure 6-7 shows a photograph taken of typical
grains found in the residual soils formed from felsic bedrock. Figure 6-8 shows a photograph of a
highly weathered soil sample that has undergone pedogenic alteration with relatively large
amounts of metal oxides.
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Figure 6-7 Photograph taken of sample 311 particles comprising kaolinite and quartz (photograph taken by
D Swart)

Figure 6-8 Photograph taken of sample 310 comprising metal oxides nodules and coating (photograph
taken by D Swart)

6.4.4 SEM

Similar to the stereomicroscope, the SEM was used to qualitatively assess the soil grains in the
clay and silt portions of the samples. Figure 6-9 and Figure 6-10 present scans taken at high-
magnification and it shows that the fine-grained portion of the soil comprises an assemblage of
kaolinite clays and other similar clays.
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Figure 6-10 Scan taken at 14.61K magnification (photograph taken by D Swart)

6.4.5 Field test results

Every sample underwent all recommended field tests described in Section 6.3 and the response
of each sample during all tests were documented and photographed. Figure 6-11, Figure 6-12
and Figure 6-13 show the range of typical test responses of a SM, ML and CL soil, respectively.
The soil threads presented in the photographs are the thinnest thread that could be rolled for that
sample.
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Figure 6-11 Typical soil responses of SM; Sample 316 (photograph taken by D Swart)
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Figure 6-12 Typical soil responses of ML; Sample 318 (photograph taken by D Swart)
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Figure 6-13 Typical soil responses of CL; Sample 320 (photograph taken by D Swart)

The final soil responses were scored using the identification table presented in Table 6-1, and the

scoring results are summarised in Figure 6-14. There are ten (10) tests with defined criteria for

each possible response listed in Table 6-1. The ball pickup / drop test is only used for samples

where rapid water movement is observed in the shaking / dilatancy test, or a weak ball is formed

during the ball forming test. The ball forming test is not listed in identification table and is the
eleventh (11th) test.
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312 313
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Summary of soil indentification table scoring results

321 322 323

314 315 316 317 318 319 320

686 687

324 325

ECLAY ®Silty CLAY mClayeySILT ®SILT mSandy CLAY ®SandySILT ®Clayey SAND mSilty SAND BSAND

Figure 6-14 Summary of soil identification scoring results
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Typically, weak balls and rapid water movement will occur in samples where silt and sand are the
major components with very little clay. Therefore, the ball pickup / drop test will not be conducted
on soils with majority silts or clays only. A tested sample with majority silt with lesser clay and sand
can therefore have either a total scoring of nine (9) or ten (10) with the inclusion or exclusion of
the ball pickup / drop test. A sample with majority medium sand only and very little silt will only
undergo one (1) test which is the ball forming test and no ball is expected to be formed. If the sand
component becomes a fine-grained sand or there is an increase in coarse silt, the sample can
undergo a maximum of two (2) tests, namely the ball forming test and ball pickup / drop test.

6.5 Discussion

Only the key points will be discussed here, and the detailed version can be obtained in Swart et al
(2023).

All non-duplicated tests described and recommended in Burmister (1949), Hunt (2005,) and
Norbury (2016) were first reviewed to determine its usability in this study. Any test that required
the operator to place soil in the mouth was not used and not included in the testing list. Soil
contamination is not well understood, and the operator could be exposed to harmful contaminants
found on brownfield and greenfield sites. Any tests requiring compounds not typical of site
investigations, such as hydrochloric acid (HCI) to test for calcium carbonate content, was
excluded for practicality purposes. The remaining list of tests were assessed using the soil
samples.

The test descriptions were modified to ensure all different silt mixtures sampled can be assigned
a test results. Once a test description or methodology was altered, all samples were retested to
ensure the descriptions are still applicable. Tests such as the smear test and behaviour in water
test were excluded from the final test list due to the unreliable test results and excess need for
water, respectively.

The tested sample can be assigned an inferred USCS class as the plasticity and general grading
are tested using changes in water content and load application. These responses are well
understood in literature (Swart et al 2023). The actual USCS is based on quantitative grading
percentages. The inferred USCS based on the field tests are not meant to replace the steps
required to class the soil using the USCS in the laboratory. For most soil textures in Table 6-1 a
range of possible USCS classes are given and therefore is termed as the inferred USCS class.

The field test soil texture for each sample was assessed by comparing the soil texture based on
the clay factor, and the sand percentage (retained by the 0.075 mm sieve), presented in Figure
6-15, as proposed by Moreno-Maroto and Alonso-Azcéarate (2018, 2022).

To illustrate the impact of soluble salts on the hydrometer test results, as discussed by Picornell
et al. (1990), Lorefice and Malengo (2006), and Wuddivira et al. (2023), the same data has been
plotted on the traditional soil texture triangle in Figure 6-16 (U.S.D.A. 2017). The two samples to
note are the blue dots in Figure 6-15 and Figure 6-16 which are samples 687 and 686 taken of
the marine sediments. There is an overestimation of the clay content due to skewed results of the
hydrometer test caused by soluble salt content on the marine sediments. The salts present on the
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marine sediments have caused the hydrometer solution to become denser than expected and
caused the hydrometer to indicate a high amount of clay Picornell et al. (1990).
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Figure 6-15 Classification based on clay factor and sand percentage (Moreno-Maroto and Alonso-Azcarate,
2018, 2022) (adapted from Swart et al 2023)
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Figure 6-16 Representation of soil texture according to the soil texture triangle using the laboratory test
results (U.S.D.A. 2017)
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The traditional texture triangle indicates the two (2) samples are clays where the texture
classification presented by Moreno-Maroto and Alonso-Azcarate (2018, 2022) indicate the
material is a silt mixture. The field identification tests suggest the material behaves as a fine sand

to silt-sand mixture. The two latter identification techniques assess the materials plasticity and

should have very similar results.

Table 6-2 presents the summary of results for each sampled material. Though this a qualitative

comparison of results, it can be seen the field test soil texture compares well with the soil texture

based on the clay factor and sand percentages, respectively. Both soil identification systems make
use of the plastic behaviour and not the grading of the particle sizes (Swart et al. 2023).

Table 6-2: Identification table for inorganic, fine to coarse grained, soils from field tests (adapted from Swart

et al. 2023)
Sand Texture Texture
i i [0)
Laboratory E|eld (e Clay partple o Field test based on OEBEEI O
Sample inferred (retained . clay factor
USCS factor soil texture texture
USCS by 0.075 triangle (%) and sand
mm sieve) e (%)
MH, ML, Clayey
310 ML CL-ML 0.32 41 SILT Clay Loam Loam
311 SM ML 0.16 53 SILT Sandy loam | Sandy loam
MH, ML, Clayey
312 CL-ML CL-ML 0.24 50 SILT Loam Loam
MH, ML, Clayey . .
313 ML CL-ML 0.27 16 SILT Silt loam Silt loam
314 ML ML 0.17 45 SILT Loam Loam
315 ML ML 0.15 50 SILT Loam Loam
316 SM SI\/IéPS_\éV';ASP, 0.00 69 Silty SAND | Sandy loam | Sandy loam
317 SM SI\/IS,PS_VSV';ASP, 0.25 74 Silty SAND | Loamy sand | Sandy loam
318 ML ML 0.16 44 SILT Loam Loam
SC, SW-SC, Clayey
319 SC SP-SC 0.24 58 SAND Sandy loam | Sandy loam
CL, MH, .
320 CL CL-ML 0.42 35 Silty CLAY Loam Clay loam
321 ML ML 0.00 49 Sandy SILT | Sandy loam Silt loam
MH, ML, Clayey . .
322 ML CL-ML 0.22 14 SILT Silt loam Silt loam
MH, ML, Clayey . .
323 MH CL-ML 0.22 22 SILT Silt loam Silt loam
MH, ML, Clayey . .
324 MH CL-ML 0.25 4 SILT Silt loam Silt loam
325 ML ML 0.00 42 Sandy SILT | Sandy loam Silt loam
686 ML SMS’PS_VSV,;ASP’ 0.00 38 Silty SAND | Clay Loam Silt loam
687 ML SI\/IS,PS_VSV';ASP, 0.00 35 Silty SAND | Clay Loam Silt loam

A flow chart is presented to show the recommended testing sequence in Figure 6-17 (Swart et al.

2023).

© University of Pretoria
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Flow chart to determine typical plasticity and texture using field test

Select sample

!

Add or remove water Cannot form ball ——» Medium to coarse

l SAND (SW, SP)

Ball forming test _ Weak ball formed and
» rapid water movement

Shaking and dilatancy test /

/ Ball pickup / drop test
Smear wet soil on back Remove quarter of ball \ / \
f hand
orhan l Remove quarter of ball Ball can be Cannot be Fine to medium
{ picked up picked up > SAND (SW, SP)

Form cube /

Behaviour in air test Dry strength test Feel test Thread pickup test
Place cube on paper Mould new ball Plasticity test
Drain test Cohesion test Toughness

test

f

Score test descriptions using rating table

Figure 6-17 Recommended sequence of testing for effective soil identification using field tests (Swart et al. 2023)
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6.6 Conclusion

The field identification tests provide a practical and convenient approach to assess soils on any
site where soils have particle sizes up to 2.00 mm. By employing a single list of field tests that only
necessitate water and commonly available stationery materials on-site, this research has
presented a valuable tool for on-site determination of soil texture and inference of the Unified Soil
Classification System (USCS) (Swart et al. 2023).

The description of possible soil responses listed in each test allows for the assessment of low to
high plasticity clays and silts, and completely inert silts and sands, as well as a wide range of
particles sizes typically found in natural soils. The recommended test sequence opens the
possibility to conduct multiple tests simultaneously, resulting in effective soil identification while on
site (Swart et al. 2023).

Additionally, the field techniques introduced in this study serve as a valuable cross-check against
laboratory results, particularly hydrometer analyses, which can be affected by operator error or
solution contamination. Soluble salts on the soil particle surfaces may alter the hydrometer solution
and skew the clay content readings. By referencing field observations, these techniques help
validate laboratory findings and mitigate potential errors.

These techniques, once reviewed and approved by industry through a journal article, were used
to identify appropriate weathering profiles that excavated as low-plasticity silt mixtures to be
logged and sampled for detailed testing a discussed in Section 5. The results of this testing are
presented in Section 7.
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7 Results

7.1  Overview

The results of the detailed on-site sampling campaign and laboratory testing will be reported in
this Section of the thesis and be divided based on parent geology and location. The results will be
assessed and compared across the various geologies and weathering states in Section 8. The
field identification techniques as discussed in Section 6 and Swart et al. (2023) were used to
ensure the tested material is of low-plasticity silt mixtures when excavated.

7.2 Field investigation and sampling
7.2.1 Tzaneen

The sample area was identified as an existing excavation to create a levelled platform just to the
north of the Tzaneen town centre. The south facing excavation sidewall was chosen to be logged
and sampled as this face was shaded and not desiccated. The existing sidewall was excavated
by pick and shovel until the material showed no signs of excessive weathering due to exposure
and was cool to touch, indicating moisture was retained in the material.

The residual diabase was logged as slightly moist, orange red mottled red, soft, open root
channels, fissured, slightly sandy clayey silt. The field identification technique indicated the soil
had an inferred USCS of a MH. The completely weathered diabase was logged as slightly moist,
yellow brown, speckled and stained black on relict fractures, extremely weak rock, jointed, relict
rock structure, sandy clayey silt. The field identification technique indicated the soil had an inferred
USCS of an ML.

A schematic of the approximate sample positions as well as photographs and basic details of the
undisturbed block samples is presented in Figure 7-1. The dry density (p4) and moisture content
(m), which is the same parameter as water content (w), values shown are the in-situ parameters
that were determined in the laboratory.

Undisturbed block samples and disturbed bag samples were retrieved and sent to the laboratory
for appropriate testing. The influence of the roots was kept to a minimum in the sampled residual
soil, and the schematic is only an indication to provide context to the reader. Due to the tube
samples refusing against the sidewall surface, undisturbed block samples were carefully cut of out
the profile and sent to the laboratory for XRCT scans.
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Transported

Residual

Completely
weathered

& Relict fracture

Figure 7-1 (a) Existing excavation face at Tzaneen (photograph taken by MA Dippenaar); (b) Macro soil
structure in residual soil (c) Macro relict rock structure and pedogenic infill on relict fracture in completely
weathered rock (photograph taken by D Swart)

7.2.2 Dullstroom

The Dullstroom site is characterised by an open field with an existing 3.00 m to 4.00 m deep
borrow pit present at the site. A photograph of the borrow pit sidewall is presented in Figure 7-2(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 Figure 7-2(b) and Figure
7-2(c), respectively.

The residual andesite was logged as slightly moist, light orange, firm, open structured, fissured,
silty clay. The field identification technique indicated the soil had an inferred USCS of a CL. The
completely weathered andesite was logged as moaist, light orange blotched pink, stained black,
extremely weak rock, jointed, relict rock structure, clayey silt. The field identification technique
indicated the soil had an inferred USCS of a ML.

Undisturbed block samples and disturbed bag samples were retrieved and sent to laboratory for
appropriate testing. Four (4) tube samples were pushed into moist sidewalls, 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. Figure 7-3
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shows the cut open tube samples with sample ID indicated. It can be seen the macro rock
structure becomes less prominent with an increase in the state of weathering.
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Figure 7-2 (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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Figure 7-3 Cut open tube samples showing the condition of the relict rock structure with increase state of
weathering

92

© University of Pretoria



7.2.3 R528

The R538 sample site is an open borrow pit sidewall face adjacent to the mentioned road. It has
been opened up to be used as an informal borrow pit for the surrounding forestry roads. As can
be seen in Figure 7-4(a), the profile is dry, and the residual soil horizon is dry and desiccated at
the sidewall surface. Great care was taken to ensure the sidewall is excavated deep enough by
pick and shovel to a point where the material was at an in-situ moisture which allowed the structure
to be retained. Figure 7-4(b) shows the macro relict rock structure of the completely weathered
rock, especially the rock texture grain relations.

The residual granite was logged as slightly moist, reddish brown, firm, fissured, open structure,
silty sandy clay. The field identification technique indicated the soil had an inferred USCS of a CL.
The completely weathered granite was logged as Slightly moist, light orange, speckled white and
green, extremely weak rock, relict rock structure, slightly clayey silty fine sand. The field
identification technique indicated the soil had an inferred USCS of a SM.

The undisturbed block samples and disturbed bag samples were taken of the residual soil and
completely weathered rock, and the details of these samples are shown in Figure 7-4. No tube
samples were taken as the tubes refused on the sidewall surface.
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Figure 7-4 (a) Existing excavation face at R528; (b) Macro relict rock structure in completely weathered rock
(photographs taken by D Swart)
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7.2.4 Graskop

The Graskop profile was found at an existing box cutting for an access road in the forestry area to
the north of Graskop. This profile was investigated thoroughly by Dowding and Fey (2007). The
sampled profile exists under a thick canopy of trees and was easily excavated due to the high in-
situ moisture content of the profile. The profile was opened up by pick and shovel and is presented
in Figure 7-5.
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Figure 7-5 (a) Existing excavation face at Graskop (photograph taken by MA Dippenaar)

The residual dolomite was logged as moist, dark purple to grey, stiff, shattered and fissured, silty
clay with abundant moderately cemented Fe & Mn nodules. The field identification technique
indicated the soil had an inferred USCS of a ML. The completely weathered rock, also termed
wad, was logged as wet, dark bluish grey, firm, open structured, silty clay with trace amount of
grey and blue stained pink completely weathered chert lenses. The field identification technique
indicated the soil had an inferred USCS of a ML. The presence of the nodules and chert lenses
results in a slightly higher than anticipated gravel and sand content.

The factors that differentiate the residual dolomite and completely weathered rock was the high
amount of pedogenic nodules and fissuring in the former horizon. The latter horizon had notably a
much higher in-situ moisture content, to the point where if the material was remoulded and
structure broken down, free-water would appear on the palm of the hand and the soil was liquified.
This suggests that the structure of the soil allows it to have a water holding capacity greater than
the liquid limit of the particle size distribution. Dowding and Fey (2007) noted the wad material is
highly porous and had a large water holding capacity.
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The completely weathered rock horizon also has completely weathered chert lenses which
suggests the relict rock structure has survived in this horizon. Undisturbed block samples and
disturbed bag samples were taken of each horizon. One (1) tube sample was retrieved from each
horizon and sent to the laboratory for XRCT scans.

7.2.5 Highveld

The Highveld site details have been discussed in Bester (2021) and Swart (2019) and is located
to the south of Pretoria. The samples were retrieved from freshly dug pits that were opened by
means of machine excavation. The site existed near a drainage channel and the impervious
dolomite bedrock was shallow, which resulted in the soil profile having a high moisture content.

It must be emphasised the schematic in Figure 7-6 is for illustration purpose to provide context to
the reader on the properties of the weathering profile. The sample location is not the actual location
of the samples but provide a good indication on the sample positioning relative to one another.
Testing results of the oedometer, permeability, and particle size grading data gathered at the site
has been provided in Bester (2021). The Soil Water Retention Curve, chemical data and particle
size grading data has been taken from Swart (2019). The data has been interpreted and
processed in a different manner, and only novel findings generated during this research will be
presented.

The residual dolomite was logged as dark brown speckled orange and black, slightly clayey sandy
silt. The completely weathered rock was logged as dark grey to black, relict rock structure, slightly
sandy silt. The completely weathered rock is also defined as structured wad and was sampled at
the bedrock to soil interface. The sampling at this site was conducted in 2019 and the field
identification techniques had not yet been written, therefore no inferred USCS was assigned to
the material.
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[¢}
¥ o

Dolomite bedrock

Figure 7-6 (a) Freshly dug pit at Highveld site (photograph taken by D Bester); (b) Macro structure in residual
dolomite (photograph taken by D Bester (Bester 2021)) (c) Macro relict rock structure in completely
weathered rock defined as wad (photograph taken by D Swart)
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7.2.6 Dolomite residuum sites

The remaining sample sites all exist on dolomite and the residuum present at the site was sampled.
The detail of each site is presented in Swart (2019). For completeness the detail of each site is
summarised in Table 7-1. Undisturbed block and disturbed bag samples were taken at each site
location. The test results of the chemical and imagery analyses, and particle size grading will be
used from these sites to supplement the testing done of the dolomite residuum a the Graskop and
Highveld sites to illustrate how weathering alters wad and residual dolomite. The undisturbed
testing results included triaxial shear and permeability testing, and SWRC testing and are
presented in Swart (2019).

Table 7-1: Summary of residuum samples sites as presented in Swart (2019)

Sample site SaerpIe Sampled material Dr(ig;arrrlwglty
R533 1510 | Completely weathered rock (non-structured wad) 464
Doornhoek 1520 | Completely weathered rock (non-structured wad) 539
Sudwala Caves 1530 | Completely weathered rock (non-structured wad) 894
Carletonville 1540 | Completely weathered rock (non-structured wad) 898

Southdowns 1560 | Residual dolomite -

Bokkraal 1570 | Residual dolomite 1237
Mooiplaas 1580 | Residual dolomite 1034

7.3 Laboratory testing results
7.3.1 Particle size analysis and Atterberg limits

The grading and Atterberg limits testing were conducted on disturbed bag samples at commercial
laboratories. Three different laboratories were used over the course of this study and therefore,
some biases in the Atterberg limits results as discussed in Section 6. The testing results for the
particle size grading analyses and Atterberg limits are summarised in Figure 7-7. The USCS class
presented was determined from the laboratory results.

7.3.2 Oedometer testing

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 kPa and 800 kPa will be assessed. Analysing the behaviour of soil when under a loading
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 Tzaneen site is presented in Figure 7-8. The testing results summary for each
sample is presented in Table 7-2. The value of m,is not constant for a soil but depends on the
stress range for which it is calculated. It is calculated using data from the oedometer test results
as the change in height can be measured with the change in stress known. Therefore, the m,
value calculated for the stress increment between 50 kPa to 100 kPa is given.
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Figure 7-7 Soil grading and Atterberg limits testing results
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Figure 7-8 Oedometer linear stress strain curves for a) Tzaneen, b) Dullstroom, c) R528, d) Graskop, and e) Highveld samples
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Table 7-2: Oedometer testing results summary

Sample Initial dry density (kg/m?®) Initial void ratio my (1/MPa) at 100 kPa
I Undisturbed Remoulded Undisturbed Remoulded Undisturbed | Remoulded
2828 1116 1104 1.581 1.610 0.356 0.913
2829 1519 1517 0.867 0.871 0.131 0.192
2830 1262 1259 1.123 1.127 0.656 0.800
2831 1366 1365 0.903 0.905 0.223 0.265
2842 1114 1065 1.542 1.579 0.216 0.985
2835 1012 1170 1.729 1.253 0.140 0.354
2832 904 893 2.293 2.334 0.137 0.926
2833 855 842 2.444 2.500 0.217 1.316
2860 572 - 4115 - 0.141 -
2930 353 - 7.268 - 0.082 -
2820 722 - 3.059 - 0.165 -
2860 572 - 4115 - 0.160 -
2840 715 - 3.228 - 0.207 -
2870 1141 - 1.483 - 0.362 -
2790 994 - 2.215 - 0.429 -

7.3.3 Triaxial permeability testing

The triaxial permeability testing was conducted by a single commercial laboratory for all samples,
including the Highveld sample from which the data was taken from Bester (2021). The samples
were consolidated at a confining pressure of 100 kPa and was placed under a 10 kPa hydraulic
pressure. The remoulded samples typically underwent double the volumetric strain when
compared to the undisturbed samples. The summary of the triaxial permeability results is
presented in Table 7-3.

It must be noted here, the permeabilities were conducted after the oedometer test results were
received. There were significant differences in the compression behaviour after remoulding. It was
decided to remould the permeability samples as well to see if there was an expected influence of
a change in permeability which could be driving the force of increase compression as water
dissipates out of the sample.
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Table 7-3: Saturated triaxial permeability testing results summary

Sample Initial dry density (kg/m?®) Initial void ratio éﬁ?g:bﬁ?ye%f%:;
D Undisturbed Remoulded Undisturbed Remoulded Undisturbed | Remoulded

2828 1239 1119 1.325 1.574 5.13E-08 5.08E-08
2829 1434 1477 0.979 0.921 2.30E-07 2.69E-07
2830 1380 1285 0.941 1.085 6.72E-07 1.88E-07
2831 1155 1392 1.251 0.868 2.38E-06 8.41E-07
2842 - 1124 - 1.444 - 4 15E-07
2835 1045 974 1.640 1.837 1.78E-07 1.29E-07
2832 1013 928 1.939 2.206 1.20E-08 6.67E-08
2833 951 880 2.130 2.382 1.90E-09 7.82E-08
2860 529 - - - 2.83E-06 -
2850 296 - - - 1.73E-06 -
2880 760 - - - 7.74E-07 -
2730 1168 - - - 9.44E-08 -

7.3.4 XRD and XRF testing

The chemical testing, comprising the XRD and XRF analyses, was done to determine the
weathering state of the samples. Only the required data to plot the chemical weathering indices
are presented in Table 7-4. The XRD tests were conducted at numerous commercial laboratories
and institutions. The interpretation of a mineral type is done by assessing 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
minerals, 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 Tzaneen, Dullstroom, and
Graskop XRD results were reviewed after the XRF results became available and the XRD results
were updated based on the elemental composition. Only minerals, based on the XRF and XRD
results, of significant importance to the study will be presented in Table 7-5.
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Table 7-4: Summary of XRF test results

Sample Weight percentages (wt.%)
ID Si0, | ALOs | Fes0s | MgO | MnO | CaO | KO | P,Os | Na,O
2828 41.8 19.6 22.9 0.65 0.19 0.14 0.66 0.26 0.01
2829 48.9 16.3 17.1 2.31 0.19 3.45 1.99 0.25 0.61
2830 53.8 23.8 8.42 0.31 0.13 0.05 1.51 0.23 0.01
2831 66.9 19.1 1.18 0.06 0.09 0.04 4.96 0.20 0.32
2842 57.0 16.3 14.9 0.46 0.25 0.03 0.53 0.31 0.01
2835 56.5 25.9 9.43 1.70 0.06 0.12 4.46 0.31 0.12
2832 24.9 25.8 16.4 1.13 11.0 0.03 2.98 0.22 0.14
2833 27.4 25.6 16.1 1.08 9.88 0.02 2.88 0.22 0.17
2930 578 0.76 33.9 0.52 45.8 213 0.25 0.09 0.01
1510 24.5 6.57 23.7 0.48 29.4 0.08 0.92 0.03 0.07
1520 45.9 2.67 25.5 0.73 9.35 0.08 0.11 0.04 0.01
1530 35.7 124 13.3 0.73 22.8 0.07 2.57 0.12 0.08
1540 68.6 4.24 10.1 0.69 8.26 0.76 0.86 0.03 0.01
1560 72.0 3.14 12.3 0.29 6.58 0.13 0.72 0.08 0.01
1570 62.0 3.57 16.5 0.35 8.78 0.13 1.18 0.01 0.01
1580 82.0 5.09 5.61 0.28 2.60 0.20 0.25 0.01 0.01
Table 7-5: Summary of XRD test results
Weight percentages (wt. %)
o — .
Sample D | 2 Qo/—)\ % %_)_ % g P § § § o %)
= 5 g 2. 8 | Z| 3 = 3 = o}
N T = T = g | | F | 2 = S | &
® ®
2828 30.0 | 60.4 - - 9.60 - - - - - - -
2829 9.10 |1 19.9 | 14.0 - - - 17.2 | 25.0 - 9.6
2830 4191416 | 10.2 | 1.00 | 5.30 - - - - - - -
2831 518 | 7.20 | 39.8 - 1.20 - - - - - - -
2842 555 | 37.8 - - 490 | 1.80 - - - - - -
2835 205 | 241 | 12.7 - 15.6 | 0.04 - - - - - -
2832 16.3 - - 28.2 | 32.9 - - - 3.00| 15.8 | 3.80| -
2833 23.7 - - 27.3 | 32.9 - - - 2201 114 1260 -
2930 36.9 | 11.9 - - 29.3 | 19.0 - - - - - -
1510 59.9 | 4.1 - - 29.4 | 6.63 - - - - - -
1520 80.3 | 4.40 - - 246 | 12.8 - - - - - -
1530 53.3 | 6.49 - - 36.2 | 3.36 - - - - - -
1540 91.3 - - - 589 | 1.11 - - - - - -
1560 91.8 | 0.1 - - 5.38 | 2.40 - - - - - -
1570 80.5 | 2.48 - - 520|118 - - - - - -
1580 86.2 | 6.99 - - - 1.90 - - - - - -
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7.3.5 X-Ray Computed Tomography

The XRCT scans were conducted in two phases where the four (4) Dullstroom tube samples were
sampled across the weathering profile and scanned in the first phase. The aim of this phase was
to determine the usability of the XRCT scan projections to model the soil minerals and voids and
see the influence of weathering on the structure, porosity and moisture flow indicators. The
influence of using tubes that are pushed and tapped into the sidewalls to retrieve the samples was
also assessed. The first phase test results indicated that tube samples are appropriate as moisture
and structure is retained in the sample for several months after sampling. Notwithstanding, care
must be taken when sampling as cracks can form along preexisting structures in the soil, which
will influence the porosity 3D modelling. These types of cracks were identified in a sample of stiff
residual soil that was later discarded and not included in the study.

During the analyses of the first phase, it was noted the sample sizes that were scanned resulted
in a reduction of resolution and voxel size of the data. The entire tube sample, which is 150.0 mm
long and 30.0 mm diameter was scanned. It was decided in the second phase of sampling, the
sample sizes and scanning area would be smaller to improve the resolution. The second phase of
sampling was done with a 100.0 mm long and 40.0 mm diameter tube sample. This tube sample
was scanned twice with the top half being scanned first and bottom half second. These two scans
were stitched together during the software processing phase. This resulted in a smaller voxel and
pore sizes, as small as 0.06 mm in equivalent diameter, to be identified during the second phase.
Tube samples were not used in the second phase when the material was stiff or dense and a block
sample was taken instead. This ensure minimal disturbance to soil structure, however, samples
had to be transported with more care and scanned immediately after sampling, which was done.
The block sample was scanned by creating a theoretical tube in the block sample that had the
dimensions of 100.0 mm long and 40.0 mm diameter. This theoretical tube section of the sample
was used during the software processing. The second phase sample locations include Tzaneen
and Graskop. Samples from R528 were disturbed to the point where no meaningful data could be
used in this study and were therefore discarded.

The 2D slices and subsequent 3D porosity and density models 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 densest 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 Dullstroom site will be
explained first, starting with the least weathered sample 2835 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.

To provide context to the reader, the images generated for each sample will be briefly discussed
as they are presented.

Figure 7-9 (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
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of the relict rock structure present in the sample that persists both laterally and horizontally through
the sample. The yellow brackets show the orientation of the same specific structure in the two
adjacent 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 Figure 7-9 (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 Figure 7-9 (c).

As mentioned, the scan area was relatively large and therefore the voxel sizes were too big to
identify micropores between the rock mineral grains. No porosity models were generated for this
sample.

Figure 7-10 (a) and (b) presents the 2D slices and 3D models for sample 1357 with the density
contrast applied and indicates a horizontal and vertical structure, respectively. The 3D porosity
model is presented in Figure 7-11 (a) and shows the pore geometry is governed by structural
orientation of the completely weathered rock. The top view in Figure 7-11 (b) shows the pore
orientation to be parallel to the vertical 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 minerals, suggesting
all minerals in this sample have weathered to secondary clays and weathered quartz.
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Figure 7-9 (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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Figure 7-10 (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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Figure 7-11 (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)

Figure 7-12 (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 Figure 7-12 (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 matrix. The weathering
has resulted in relatively thick infill material. This fracture could have formed through volumetric
strain during the weathering of an existing major joint that was a preferred flow path in the original
parent rock mass. 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 completely weathered rock matrix,
weathered rock grains can be seen with very little to no material being highlighted in the density
contrast.
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Figure 7-12 (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)

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 Figure 7-13 (a) and reveals there is a preferred pore orientation
within the sample that follows the same direction as the infilled fracture. Focusing on the top
portion of the sample, a distinction can be made on a possible open fissure as shown in Figure
7-13 (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 weathering and therefore there has not been enough time for pedogenic
deposits to occur within this fracture. The fissure is curvilinear in shape in both the vertical and
horizontal directions.
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Figure 7-13 (a) Sample 1354 3D porosity model; (b) from top view (left) and 3D porosity model (right)

The 2D slice with the density colour contrast and 3D density model for sample 2842 is shown in
Figure 7-14 (a). The sample has lost the majority of the relict rock structure and the pedogenic
deposits are mostly rounded and do not follow or exist within a defined relict rock structure. A
partial relict structure in the lower portion of the sample persists and is shown in Figure 7-14 (b).

Figure 7-15 reveals how highly voided the most weathered sample 2842 is compared to the less
weathered samples 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.
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Figure 7-14 (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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Figure 7-15 Sample 2842 3D porosity model

The XRCT samples at the Tzaneen site comprised two (2) block samples taken from the
completely weathered diabase (sample 2829) and residual diabase (sample 2828), respectively.
Figure 7-16 (a) presents a 2D scan of the sample 2829 with the density contrast applied, showing
both top and front views. The densest portion of the material is shaded in red, which is surround
by the lighter shaded areas representing varying quantities of possible albite and amphibole
(actinolite) minerals that have survived weathering. The black-shaded regions indicate open
pores. The outline of the modelled pores is shown in Figure 7-16 (b). The pores between the
mineral grains, outlined in green and blue, have an orientation in the same direction of the vertical
structure outlined in purple.

Referring to Figure 7-17 (a), the focus is placed on the micropores between the grains with the
modelled pore outlined in green and blue. The pores have an orientation that is governed by the
weathered rock mineral grains and forms linear or 90° cross shaped pores. The density colour
contrast is applied in Figure 7-17 (b), and it can be seen the densest minerals, probably amphibole
and albite, govern the shape of the pores. These two minerals have mineral cleavages of 120° to
60° and 90°, respectively, which is the orientation of the pores. The density contrast shows the
densest portion in red is surrounded by a lighter shaded area which in turn is surrounded by the
open pore. This indicates that the weathering of the mineral grains, is most intense at the grain
boundaries or cleavage breaks and decreases inward towards the grain.
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Figure 7-16 (a) Sample 2828 2D slices from top view (left) and front view (right) with density colour contrast;
(b) 2D pore modelling for top view (left) and right view (right)
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Figure 7-17 (a) Sample 2829 2D slices from top view with pore modelling; (b) 2D pore modelling for top view
with density colour contrast

The 2828 sample is highly voided, and no remnants of relict rock structure is shown in Figure
7-18 (a). Figure 7-18 (b) shows evidence of fissures, as indicated, reworked areas from biotic
activity and rounded open root channels. The 3D porosity model shows there is dual porosity
system present, namely the large fissures and bioactivity openings and tunnels, greater than
18.0 mm equivalent diameter, surrounded by much finer, more spherical pores colours in blue.
No pores between the equivalent diameter ranges of approximately 6.00 mm and 14.00 mm
were identified.
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Figure 7-18 (a) Sample 2828 2D slice from front view; (b) 2D pore modelling for front view (left) with 3D pore
modelling (right)

The two (2) tube samples retrieved at the Graskop site were within 300 mm from one another.
The reason for separating the profile into completely weathered rock and residual dolomite on a
short profile was due to the presence of pedogenic nodules and fissures in the residual soil.
Referring to Figure 7-19 (a) and (b), the difference in the presence of the round pedogenic nodules
is represented by the red coloured density contrast. The nodules are more abundant in the
residual soil and are larger, suggesting the material has been under pedogenic processes for a
longer period than the completely weathered rock.
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Figure 7-19 (a) Sample 2833 2D slice from top view (left) and 3D model (right); (b) Sample 2832 2D slice from
top view (left) and 3D model (right) with density contrast applied

Figure 7-20 presents the top view of the two tube samples with the modelled pore spaces and
density contrast applied. The completely weathered rock sample 2833 has scattered pores that
are less than 1.00 mm in equivalent diameter and a few pore sizes between 1.50 mm and 1.00
mm equivalent diameter. It is expected the majority of the pores spaces in sample 2833 will be
smaller than 0.06 mm in diameter which could not be identified and modelled by the XRCT
equipment as this exceeds the smallest measurable voxel size. The residual dolomite sample 2832
has generally larger pores which are frequently greater than 1.00 mm and elongated in shape. No
pore orientation seems to exist in either sample. The relict rock structure is expected to occupy
the micropore space and will be too small to be modelled by the XRCT.
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Figure 7-20 (a) Sample 2833 2D slice from top view; (b) Sample 2832 2D slice from top view with density

contrast applied and pore modelling

7.3.6 Soil Water Retention Curve

The drying Soil Water Retention Curves (SWRCs) for the structured and remoulded samples are
shown by plotting the measured suction values from the pore pressure tensiometer (PPT) against
calculated degree of saturation (Sr — SWRC) in Figure 7-21. The specimens’ parameters are

summarised in Table 7-6.
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Figure 7-21 Suction values measured using PPT of (a) structured and (b) remoulded specimens with the
fitted curve (taken from Swart et al. 2021)

The measured suction data has been used to determine fitting paraments, as discussed by
Fredlund and Xing (1994), and these are presented in Table 7-7. The two fitted curves of the Sr—
SWRC are plotted in Figure 7-22. The two fitted curves are plotted on suction versus volumetric
water content (6 — SWRC) in Figure 7-23.
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Table 7-6: Summary of SWRC test results (Swart 2019)

Initial Air Suction value (kPa) at degree of
Dry . .
Sample Sample densitv | Void ratio moisture entry saturation (Sr)
ID condition (k /m% content value 40% 60% 80%
9 (%) (kPa) | saturation | saturation | saturation
2930 Structured 309 8.32 300 20 146 62 44
Remoulded 746 2.18 87.6 0.8 146 32 55
Table 7-7: Summary of fitting parameters (Swart et al. 2019)
Fitti t
Sample ID Sampled material HNg paraments
a n m
2930 Structured 35.7 5.13 0.46
Remoulded 5.00 1.00 0.92
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100
@ ecccccssssssasssnnas ..........
Y .
= 80 T T T e, E
n N s
c 70 Y i
S %ok
© 00 N}
2 90 N —,
© AT
@2 40 ANS
o 30 AL S
o X e,
g 20 R ®..
0 10 x""‘x » 1S 0y
. e Y3 U
0,01 0,1 1 10 100 1000 10000 100000 1000000

Suction (kPa)

Figure 7-22 Fitted curves for structured and remoulded specimens on Sr - SWRC (taken from Swart et al.

2021)
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7.4 Conclusion

The testing framework provides results on the materials’ chemical, physical, and structural
characteristics. The samples were taken from weathering profiles that were easily accessible via
machine excavation or hand excavation with a pick and shovel. The exposed profiles were
appropriately logged as guided by the latest logging standards in South Africa (Dippenaar et al.
2024). The testing results reveal all the samples break down to silt mixtures and generally have
low permeability values. The testing comprised fundamental and well understood testing
methodologies such as the compression test in the oedometer and saturated permeability testing
in triaxial cells. These results are supplemented with advanced visual analysing techniques,
namely the XRCT scan. The data from the XRCT scan was processed in the relevant software to
assess the porosity, relict rock structure, if any, and to determine the usability of such investigation
equipment in geotechnical projects. The behaviour of the residual soil and completely weathered
rock under load was assessed and results reveal the presence of relict rock structure generally
provides a positive influence on the strength and stiffness of the material.
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8 Discussion and Observations

The findings of the literature review and test results of the sampled material will be discussed. To
fully understand the impact of weathering, first the individual profiles will be assessed and
observations elucidated. This will be followed by comparing the findings from each sample location
and relevant literature for the igneous rock and dolomite rock profiles, respectively. The two major
geology types will then be compared and determine the influence of weathering and
anthropogenic remoulding of the materials from the profile.

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 recommended in literature,
namely the chemical index of alteration (CIA) and weather intensity scale (WIS).

The robust weathering (RW) method, as described in Cho and Ohta (2022) provides a chemical
weathering indices that does not include SiO,, CaO, and P-0Os, The largest influence to determine
the weathering in this method is the leaching out of sodium (Na) and accumulation of aluminium
(Al). Completely weathered rock and residual soils typically have a near zero value for Na because
all the Na-bearing minerals would have decomposed under moderately to intense weathering
conditions. Furthermore, most of the samples are at the soil-end of the weathering process and
have a high amount of kaolinite and therefore a high quantity of Al. The RW methods tends to
indicate a very high decomposition value, approximately greater than 97%, for all the samples and
may be an overestimation of the degree of weathering. The RW method was excluded from this
study for this reason.

8.1 Weathering profiles at sample locations
8.1.1 Tzaneen weathering profile

Through the visual assessments on site and the pore modelling from the XRCT scan data, the
completely weathered diabase is a highly structured soil with a strong presence of relict rock
structure. Relict rock fractures with black staining on the surface, as shown in Figure 7-1, were
observed in the rock profile and were detected in the pore modelling. The staining comprises metal
oxides that formed through seasonal water flow (Van der Merwe 1964; Banerjee et al. 2016), but
the metal oxide was not identified during the XRCT scan. It is expected the staining is extremely
thin and was not determined to be of high-density material through x-ray attenuation, which is
influenced by the thickness of the material which it passes through.

Figure 8-1 summaries the texture class based on the clay factor and sand content, degree of
weathering according to the WIS, and percentage of CIA compared to the m, value at 100 kPa for
the undisturbed and remoulded 2828 and 2829 samples.

The chemical testing results show the completely weathered rock comprises a relatively large
amount of primary rock minerals such as actinolite, microcline and albite. The presence of
smectite suggests the material has been exposed to moderate weathering conditions according
to Summerfield (2014).
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This agrees with the weathering indices as presented in Figure 8-1. The presence of XRCT data
agrees well with this and rock mineral grains can be identified based on the cleavages.

According to Wilson and Jones (1983) and Wilson et al. (2004), the dissolution of amphibole
minerals, of which actinolite is a member of, is strongly influenced by the relict structure of the
mineral grain, leading to surface etching and cleavage breaks that govern pore orientation during
weathering. This is clearly seen in the near-perpendicular pore orientations within the moderately
decomposed rock minerals, which has two cleavage planes intersecting at approximately a 90° to
120° angle, as shown in Figure 7-17. The centre of these mineral grains is the densest portion of
the rock and suggest the least weathered for this sample. Moving outward from these centres,
the surrounding region is shaded in a light grey before reaching the block open pore space.

Amphibole minerals decompose through surface reactions starting at the edges and progressing
inward, often altering into secondary products like various clay minerals and Fe-oxides, or
completely decomposing without leaving a weathering product, resulting in open pores (Colman
1982; Wilson 2004). The surrounding dark grey portions of the sample represent the weathering
products of plagioclase and pyroxene that had formed the kaolinite. It is expected that the pores
within the kaolinite portion of the sample are smaller than the voxel size and thus could not be
detected. This indicates that the geometry of the initial porosity formed during the early stages of
weathering is governed by the rock mineral’s structure, chemical defects, and stress history. Most
of the modelled pores are located near or on the mineral grain boundary. Preferred pore
orientation has implications on the strength and stiffness of the material (Griffiths et al. 2017) and
cause a variation in the permeability value depending on testing orientation (Dippenaar et al.
2022).

The visual and chemical assessments of the residual diabase show this material is far more
decomposed, which no relict rock structure present on a macro and micro scale. Figure 8-1 shows
the residual diabase is much more weathered than the completely weathered rock according to
the CIA and WIS index systems. The largest structure identified in the sample is most likely a
fissure which was encountered on site. The material comprises mostly quartz and kaolinite with
lesser muscovite. The aluminium detected in the elemental chemical test forms part of the kaolinite
and muscovite minerals. Surprisingly, no hematite or goethite was identified with the iron content
being approximately 22% of the sample. The iron probably exists as an oxide grouped into the
muscovite weight percentage, that provides strength to the intact sample as can be seen on the
compression test results.

Both samples performed better in the undisturbed state when placed under a load in the
oedometer. The remoulding of the samples caused more strain to be experienced after the
structure was destroyed. The undisturbed completely weathered diabase underwent a slight strain
hardening, according to Wesley (2019), with the coefficient of compressibility slightly decreasing
as the load increased. No yield pressure was observed, and this suggests the structure, that was
identified in the XRCT scan, remained intact. The residual soil underwent much more strain
compared to the completely weathered rock but did not express a yield pressure.
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The XRCT scan showed the material is highly voided and it is expected the material’s structure,
which is expected to have formed from pedogenic processes, provided some stiffness and the
material consolidated into a slightly denser packing as the load increased.

The compression behaviour for remoulded samples from this profile is seemingly linked to the
presence of structure and clay content which is influenced by the state of weathering, as shown
in Figure 8-1 (c) (Rocchi et al. 2017; Bonnet et al. 2022). The higher the plasticity of a fine-grained
soil, the more strain is expected once the material is remoulded (Saha et al. 2024). The higher
compression experienced by the remoulded residual soil is a function of the loss of structure,
higher plasticity and low initial dry density. The same can be applied to the remoulded completely
weathered diabase, where it experienced relativity a much lower amount of strain due to the much
lower plasticity and clay content and higher initial dry density.

8.1.2 Dullstroom weathering profile

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
considered 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 Figure
8-2. 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 material in the joints of sample 2835 is most likely goethite as this
has a higher density at 3.8 g/cm?® compared to the microcline at 2.6 g/cm?®. Goethite can form
through pedogenic 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 structure 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 8-3 (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 much higher quantity of kaolinite. This is expected for a more weathered soil, as
shown in Figure 8-3 (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
pedogenic and biotic processes. According to the tube samples the dry density decreased as
weathering increased moving up the profile, as shown in Figure 7-2. 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 sample
disturbance or a less dense pocket was sampled in the completely weathered rock.
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(a)

(b)

Figure 8-2 (a) Sample 2835 with structure intact (b) Sample 2835 after smeared with light finger pressure
(photographs taken by D Swart)

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 Figure 7-8 and Figure
8-3, the completely weathered rock experienced less strain than the residual soil both for the
undisturbed and remoulded samples. The structure 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.
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8.1.1 Rb528 weathering profile

The 2830 and 2831 samples used in the XRCT scanner was too disturbed to gather any reliable
data. The sample site was north facing, and the existing exposed surface was highly desiccated.
A great deal of effort was put in to retrieved samples that retained moisture to preserve the soil
structure. Referring to Figure 8-4, the residual soil has a moderate plasticity and comprises a
mixture of clay and silt with lesser sand. The strength of the soil with the structure intact was low
compared to other igneous rock weathered profiles. The sample underwent more strain once
remoulded but not much more than the undisturbed sample, as shown in Figure 8-4. This is not
expected considering the moderate plasticity of this sample. This may have happened as the
structure in the undisturbed sample was already significantly broken which may have also caused
the poor data quality in the XRCT scan.
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8.1.2 Graskop weathering profile

Dowding (2004) investigated the same profile and found both the wad and residual dolomite to be
enriched in lithiophorite (MnO2(OH).) with a relative increase in Fe content and pedogenic nodules
in the residual dolomite.

The Graskop samples were retrieved within 500 mm of one another and as a result the two
material types have very similar chemical components. Therefore, the degree of weathering is
very similar according to chemical weathering indices, as shown in Figure 8-5. The grading is very
similar; however, the sand content comprises two different material types. As was observed in the
soil profile and the XRCT scans, the residual soil has a significantly higher quantity of moderately
cemented pedogenic nodules. These nodules, which form in-situ, are expected to define the sand
component of the sample. Highly weathered chert lenses, as shown in Figure 7-5, existed in the
completely weathered rock that excavated as a sand. The XRD results show the completely
weathered rock has approximately 7% more quartz, which can be interpreted as chert as they
both comprise pure silica, compared to the residual soil.

Apart from the presence of hodules and fissures in the residual soil, the main difference between
the two horizons, was the presence of a highly porous relict rock structure in the completely
weathered rock. The pore geometry of the relict rock could not be identified in the XRCT. The
average pore diameter of wad is typically in the range of micro- and nanometres in size (Swart et
al. 2019). These pores are much smaller than the voxel size of the XRCT scanner and therefore
could not be detected and modelled. When the structure was broken by hand in the field, free
water was released from the structure and was present in hand. The broken-down material
comprised a clayey silt which liquified in the free water, losing all strength. The in-situ moisture
content recorded in the block samples and tube samples were higher than the determined liquid
limit, which is typically of wad (Buttrick 1986; Swart et al. 2019).

Referring to Figure 7-8, the 2833 sample seems to yield at 400 kPa, suggesting the structure of
the material has broken down (Wesley 2019). The remoulding of the completely weathered rock
resulted in much higher strain being measured compared to the remoulded residual sample,
however this is not expected as the plasticity and grain is similar. This indicates the completely
weathered rock is highly vulnerable to the loss of structure.
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8.1.3 Highveld weathering profile

According to the grading analyses and Atterberg limits testing results, represented in Figure 8-6
as the clay factor to sand content, the structured wad samples are typically low to moderately
plastic silts. Two (2) of the residual dolomite samples are clay and silt mixtures and one (1) sample
is a non-plastic silt. The liquid limit of the wad is generally higher than the residual soil and ranges
from 65% to 101% for the Highveld wad samples. The in-situ moisture for the wad samples was
calculated to be between 89% to 238%. All the wad samples had in-situ moisture contents greater
than the liquid limit. This is possible due to the presence of the structure and Mn oxides in the
material (Swart et al. 2019).

The Highveld wad sample comprises mostly Mn and Fe oxides, accompanied by silica, in the form
of quartz or chert and, to a lesser extent calcium (Ca) which probably forms part of dolomite still
present in the material. The material has very little Al, approximately less than 1%, and relatively
low amount of silica. This indicates the material is not highly weathered or leached.

Only one (1) wad sample from the Highveld site underwent chemical testing and therefore a
comparison of materials tested cannot be done based on chemical weathering indices. Swart et
al. (2019) found that through further alteration of wad, the material almost always has an increase
in dry density and a reduction of void ratio as the structure breaks down and the Mn oxides are
replaced with Fe oxides. For this reason, the dry density and void ratios are plotted against the m,
values at 100 kPa for each tested sample and presented in Figure 8-6. It can be seen the residual
soil, represented by the red dots, have higher dry densities and lower void ratios but experience
more strain at the same load as the wad samples. This contradicts the idea in classic soil
mechanics that a material with a lower dry density and higher void ratio would undergo more strain
with a similar grading (Terzaghi 1943; Fukue and Okusa 1987; Al-Khafaji and Andersland 1992;
Wu et al. 2024). All wad samples underwent much less strain across the entire test range.

Sample 2820 yielded at 400 kPa as can be seen by the change in the gradient of the slope
compared to the rest of the wad samples. This sample had the highest dry density and lowest void
ratio of the wad sample, it also plotted the closest to the more clayey residual soil samples. Though
it was not confirmed through chemical testing, it is expected sample 2820 is the most weathered
of the wad samples and therefore the only sample that experienced yield pressure.

Referring to Figure 7-23, the difference in the slope of the Soil Water Retention Curves (SWRCs)
below the 1 MPa suction range is apparent. This is indicative of the distinct differences in pore
size distribution of the two samples, with the steeper gradient of the structured material being
indicative of a more uniform pore size distribution. The difference in initial volumetric water content
can be attributed to the large differences in initial void ratio of the structured and remoulded
samples, namely 8.32 and 2.18, respectively. The influence of the structure on the material
performance in an unsaturated state cannot be overlooked. Day (1981) cited soil structure as the
most critical aspect governing the soil’'s compressibility.
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8.2 Igneous weathering profile

The data and observations gathered from the Tzaneen, Dullstroom, and R528 weathering profiles
will be compared and assessed together to find similarities to the materials’ behaviour due to
weathering. Figure 8-7 summaries the soil texture, behaviour under load and weathering state of
residual soil samples (red coloured data points) and completely weathered rock (green coloured
data points) samples taken from the igneous weathering profiles.

The soil texture based on the clay factor indicates all the residual soils are moderately plastic with
a higher clay percentages compared to the completely weathered rock. Primary rock minerals
progressively transforms into clay minerals as weathering intensity increases resulting in an
increase in finer particle size percentages and plasticity (Rocchi et al. 2017; Dos Santos et al.
2018; Bonnet et al. 2022).

The on-site profile logging showed all the completely weathered rock horizons had relict rock
structure that govern the mineral grain relations, macro-structure and flow channels indicated by
pedogenic staining. The XRCT imagery revealed this influence of the relict structure controls the
pore geometry, pore orientation, and flow channels which was closely linked to the chemical
components of the material and become less prominent as weathering increased. The same visual
assessments showed all the residual soils had lost any sort of pore orientation or relict structure
and the pores were governed by pedogenic processes. The loss in structure is linked to the
increase in chemical decomposition of the profile as the depth from the ground surface decreases.

The completely weathered rock samples experienced less strain than all the residual soil samples.
This is primarily a function of the relict rock structure which has shown to contribute significantly
to the stiffness of the material (Rocchi et al. 2017; Liu et al. 2022; Bonnet et al. 2023; Wang et al.
2024). The structure of sample 2835 seemingly broke down at the yield pressure of 400 kPa. This
may be linked to the sample being the most weathered of the completely weathered rock samples
according to the WIS and CIA weathering indices. On remoulding of the samples, sample 2835
has the highest plasticity according to the clay factor and as a result experienced the most
compression. Sample 2829 plotted as the least weathered sample and performed the best in
terms of volume change in the undisturbed and remoulded state. The XRCT imagery also indicates
this material has not experienced a high intensity of weathering as the observed pores are
governed by the cleavages and structure of the primary rock minerals (Wilson 2004).

Sample 2830 had the highest compressibility in the undisturbed state but the least in the
remoulded state. As previously discussed, this sample probably underwent intense weathering
once existing borrow pit was excavated and exposed the sample to the Earth surface conditions
(Obermeier and Langer 1986). The sample seems to have yielded at 50 kPa and then underwent
straining hardening which suggests, most of the structure was lost during yielding. The remoulding
destroyed the remaining structure and resulted in slightly more strain during the remoulded state.
Sample 2824 is the most weathered sample according to the weathering indices and underwent
the most strain in the remoulded state. This sample is least plastic of the residual soil samples and
had a similar dry density value to sample 2828. The reason for the significantly more strain

131

© University of Pretoria



o4

experienced by the sample could not be determined. It is possibly a function of a larger quantity

of fine-sands and silts in the sample.

1
09
2
2 o8 o
€ CLAY SANDY pur |
= o7 CLAY :
S -
3 (V]
T o6 >
3 [a]
> 05 ;
3 SILTY CLAY o)
(a) 3 CLAY z
£ 04 SIOVCLAY LOANM 2830 b
> LOAM @ 2§28 _
F L 4
G o3 1357 2842 §
7 1354 LOAM <
o 02 ;0,
o SILTLOAM \ 2829 @ fgza" v-_?
01
(3
SiLY 2831/
0 O
0 10 20 30 40 50 60 70 80 920 100
Sand (%)
Vertrical Stress (kPa) Linear Plot Vertrical Stress (kPa) Linear Plot
0 100 200 300 400 500 600 700 800 200 300 400 500 600 700 800
0 0
o >3 ~§~.‘~~-
5 5 O o
° ° Seeao
10 ® T - il
= 5
X = \ °
= = o
c = RN
3 1 S 1 SRS
& (2 \\\ \\\ o
— C ~ ~
] s RIS S
2 2 F o2 e Teeeell
At Rt
N -~ ~
s Sso Seo
S Sso ~o
2 2 Sso Sl
\\"~-_ “"*-
30 5 S S
=e-Undis 2828 =e-Undis 2842 ~o-Undis 2830 =eo--Remo 2828 =o--Remo 2842 =o--Remo 2830
=o-Undis 2829 o-Undis 2835 o Undis 2831 =eo--Remo 2829 o--Remo 2835 o -Remo 2831
(b) ()
1.4
g
s 12
z
= X 2842
§ X 2828
5 08 X 2830
§
o @ 2830
o 0.6
€
2
S o4 2835
o« O.
S 2831 X ©2828
< X
S 02 2831 92829 @ 2842
& @ ©2835
Q 2829
© 9
0 20 40 60 80 100
CIA (%)
X Remoulded @ Undisturbed
(d) (e)
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Figure 8-8 presents plots for the coefficient of volume compressibility (m,) against the sample’s
dry density (p), void ratio (€) 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 equations to predict compression of soil
are based on the void ratio (Fukue and Okusa 1987; Al-Khafaji and Andersland 1992; Wu et al.
2024). Figure 8-8 (a) and (b) plot the m, 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 Figure 8-8 (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 compressibility 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; Liu et al. 2022; Bonnet et al. 2023; Wang et al. 2024).
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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 compressibility 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.

The coefficient of permeabilities were measured in saturated triaxial tests to assess the influence
of weathering on the movement of moisture. After the oedometer test results were received, it was
decided to conduct remoulded permeabilities test for each sample to ensure there was not an
influence of remoulded permeability values that was driving the greater compression in the
remoulded samples. The coefficient of permeability (K) for each sample is plotted against the
degree of weathering and void ratio in Figure 8-9.
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All samples had low permeabilities in the undisturbed state and no relationship seems to exist with
a change in the degree of weathering. The movement of moisture is expected to occur primarily
along relict rock structures and the evidence can be seen by the black and red staining of the
relict faces and the denser pedogenic deposits in the XRCT scans. It is expected moisture
movement will also occur within microcracks and through the rock matrix depending on the
degree of saturated of the material (Van der Hoven et al. 2003; Talib et al. 2016; Dippenaar et al.
2022).

The remoulding did not seem to impact the coefficient of permeability values greatly with all
remoulded sample retaining a low permeability and therefore would not have an impact on the
consolidation in the oedometer tests. Referring to Figure 8-9, remoulding a sample back to in-situ
parameters for a triaxial cell sample is difficult. The remoulded dry density and void ratio values
differ greatly from the in-situ values. This operator difficulty seems to control the permeability value
for sample 2831 where the remoulded sample had a much lower void ratio and therefore a lower
permeability value. The remoulding is expected to change the path that the moisture travels in the
completely weathered rock as the relict fractures have been destroyed.

8.3 Dolomite weathering profile

The influence of weathering on the residuum profile forms above dolomite bedrock will be
discussed in this section by incorporating data form the Graskop and Highveld sites. The
oedometer, grading and permeability testing results for the Highveld samples were retrieved from
Bester (2021). Bester (2021) focused on logging, sampling and performing a rigorous testing
regime on wad and residual dolomite from various sites underlain by dolomite in South Africa.
Swart (2019) sampled the same material from the Highveld site but focused on the influence of
the Mn and Fe content on the hydromechanical properties of the soil. Swart (2019) also sampled
and tested residual dolomite from various dolomitic formations across South Africa and the data
from these sites are also included in this section. Figure 8-10 summarises the texture,
compression behaviour, liquid limit and dry density of all the available wad (green coloured data
points) and residual dolomite (red coloured data points) samples.

Dolomite is a calcium-magnesium-carbonate rock that can completely dissolve into solution,
resulting in no weathering product. This leads to the formation of elaborate cave formations found
in areas around Gauteng. Residual products do often form as the dolomites are typically enriched
in calcite, chert, and to a lesser extent metal oxides. Due to the very low permeability of the rock,
the weathering occurs mostly at the joint faces and results in extremely drastic changes in
properties over a short length (Buttrick 1986). The dolomite weathering profile is usually not as
well developed, gradual or predictable as igneous weathering profiles. Therefore, no method to
determine the degree of weathering of a dolomite exists.

Swart et al. (2019) concluded that alteration of wad usually results in an increase in dry density
and lowering of the liquid limit. The dry density to liquid limit plot is shown in Figure 8-10. Residual
dolomite generally has a lower liquid limit and higher dry density compared to the wad samples.
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This is linked to the presence of the Mn and Fe oxides in the wad and residual dolomite,
respectively. The Mn oxides in wad have large surface areas that govern the material’s ability to
take up large amounts of water before liquefying, therefore the Atterberg tests indicate high liquid
limits. Continued weathering creates an unstable, acidic, environment and the Mn oxides are more
readily available to dissolve into solution compared to Fe. This results in a relative enrichment of
Fe as the Mn leaches away. The dissolution of this mineral greatly reduces the liquid limit of this
material (Dowding and Fey 2007; Swart et al. 2019). The plasticity chart for the residual dolomite
and wad samples are plotted with other residual soils with high liquid limits and is presented in
Figure 8-10 (d) (Wesley 2010).

Residual dolomite typically still has a large amount of Mn present ranging from approximately 5%
to 10%. As weathering occurs, the Mn oxides dissolve and redistribute to form nodules and
coatings in the residual dolomite. This reduces the surface area of the Mn oxides and causes the
soil to transform from a black to red colour as the Fe oxides are exposed. This reworking process
reduces the influence the Mn oxides have on the hydromechanical properties of the weathered
profile. To illustrate this weathering process photographs taken with a stereo microscope of wad
and residual dolomite is shown in Figure 8-11. Note the sand size, black, nodules in Figure 8-11

(c).

Day (1981) emphasised how the structure of wad is essential when assessing the material’s
compressibility. In this publication, Day (1981) cited soil structure as the most critical aspect
governing the soil's compressibility. Buttrick (1986) highlights the importance of preserving the
relict parent structure when testing the material. Considering the importance of soil structure in
the testing of this material, it may be desirable to conduct full-scale testing (Jacobsz 2015).
However, as such tests are often not financially feasible, an in-depth understanding of the
implications of element testing of wad is crucial.

The compression data of the Highveld and Graskop samples are presented in Figure 8-10 (b). All
the Highveld wad samples experienced relativity low amount of strain. The wad and residual soil
samples taken from Graskop performed very similar, however sample 2833, the wad sample,
yielded at 400 kPa. Sample 2832, the residual soil sample, may still possess relict rock structure,
as well as pedogenic structure due to the higher quantity of nodules present, that provided
stiffness under load. The remoulding process caused both samples to undergo more compression,
especially the wad sample. This is indicative of the high vulnerability and susceptibility of wad when
the structure is lost. Breaking down of the structure occurred through intense weathering or
external factors results mostly in an increase in dry density. Wad generally has a density less than
water and a void ratio greater than 1. Any volume change will almost certainly cause the material
to compact or densify, reducing the void ratio and reducing the water holding capacity. Through
this loss in structure, the compressibility is expected to increase for the material, which is
interesting because a soil with the same grading is expected to be less compressible as the dry
density increases and void ratio decreases. The trend of compressibility for residuum forming on
dolomite weathering profiles seemed to be governed by the degree of weathering.
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As weathering increases, the relict rock structural prominence decreases, resulting in an increase
in compressibility, seemingly regardless of the change in dry density or void ratio.
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including residual dolomite and wad samples
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Figure 8-11 Stereo microscope photographs taken of (a) the least weathered sample 2930, (b) to
intermediately weathered sample 1530, to (c) the most weathered sample 1570 (taken and adapted from
Swart 2019)

Wad usually has a natural moisture content that is greater than the liquid limit (Day 1981; Buttrick
1986; Swart et al. 2019; Bester 2021). In this scenario, if the structure breaks down in-situ, the
individual grains that govern the liquid limit, will behave as a liquid and have zero strength. Large
sinkholes may form when a zone of wad near the dolomite bedrock interface liquifies, sloughs into
a receptacle and this creates a void beneath the surface or the void propagates upwards, forming
the sinkhole at surface (Jacobsz 2015).

8.4 Generalised weathering profile

Evaluating the impact of weathering on the individual profiles at each site and for the weathering
profiles on the dolomite and igneous parent rocks, respectively, this research has shown the
degree of weathering is closely linked to the chemical and physical state of the material, which
seems to govern the structural prominence in the profile. The structural prominence decreases
with an increase in weathering resulting in an increase in compressibility. Figure 8-12 presents the
state of weathering and the compressibility behaviour for the completely weathered rock and
residual soil sampled at all the profile sites. Sample 2832, the residual dolomite from Graskop, is
the outlier on both plots separately, but if the two plots are evaluated together, the sample still
follows the trend of structural prominence. This sample was logged as a residual soil but is much
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less weathered than the remaining residual soil samples, therefore it underwent relativity much
less strain. The reasons for logging this sample as a residual sample has been discussed.
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Figure 8-12 (a) linear stress strain curves (b) Weathering intensity scale (WIS) (Meunier et al. 2013) for
dolomite and igneous completely weathered (green plot) and residual soil (red plot)
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The sample was taken near the residual soil and completely weathered rock interface, and it may
be that the sample still possesses relict rock structure that has provided the sample with the
stiffness observed.

As shown by XRCT scans of the completely weathered rock samples 1354 and 1357, that were
also taken near the above-mentioned interface, the influence of pedological structures is present
in the completely weathered rock. The relict rock structure prominence may continue into some
residual soils for a short distance. The observed loss of relict rock structure in a weathering profile
may be the point where the relict rock structure becomes discontinuous and only localised zones
of structural prominence exist.

Figure 8-13 (a) and (b) plot the coefficient of compressibility (m,) values for each sample against
the dry density and void ratio, respectively. A relationship between these parameters does exist
on all the plots, though the data is slightly scattered, and no correlations can be made. In general,
samples with a higher dry density, mainly comprising completely weathered rock, compressed
more than samples with a lower dry density. Samples with a higher void ratio, compresses less
than samples with a lower void ratio. Sample 2930, comprises wad, has the lowest dry density,
highest void ratio but experienced the least amount of compression of all samples. The chemical
weathering indices show it is the least weathered sample and as discussed previously it is a high
structural prominence. The relict rock structure governs the material’s porosity and stiffness. For
completely weathered rock, if the relict rock structure decomposes, and the structural prominence
decreases, the void ratio will decrease, and dry density will increase (Hencher 2024). This
decrease in structural prominence will decrease the stiffness and increase the compressibility.

Figure 8-13 (c) and (d) show the plots for the coefficient of compressibility (m,) values against the
chemical weathering indices, the CI/A and the 4Si values, respectively. The relationships shown in
these plots suggest the structural prominence is linked to the degree of weathering. As the state
of chemical weathering increases, the structural prominence decreases, and the compressibility
increases. Assessing the compressibility of the material to the state of weathering is a better
predictor to the actual compression behaviour compared to the dry density and void ratio, as it
includes the presence of the relict rock structure.
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Figure 8-13 The m, value calculated for stress increment from 50 kPa 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 dolomite and igneous completely weathered (green plot) and residual soil (red plot)
Figure 8-14 presents photographs taken of materials with high structural prominence. The
structural prominence should be treated a single parameter that can be used across different
lithologies and weathering 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 presence 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 govern the pore spaces 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 samples, XRCT scans,
and stereo microscope, and it can be quantified using chemical weathering indices as discussed
in this research.
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Figure 8-14 Photographs taken of (a) completely weathered diabase sample 2829, (b) structured wad similar
to sample 2930 (taken from Buttrick 1986), and (c) completely weathered andesite sample 2835
(photographs taken by D Swart)

Figure 8-15 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 longitudinal axis and
the two halves separated with the sampled material being allowed to break apart along pre-
existing 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 apart. Sample 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 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 identified from the XRCT scan and on the photograph. Sample 1354
and 1357 are considered to have moderate structural prominence.
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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 only, and further studies would need to be conducted using more elaborate triaxial
shear testing equipment. Figure 8-16 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 profile where less weathering
has occurred. Structural prominence 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 fissures and cracks, do exist within the
completely weathered rock. Pedological features are included in this schematic to show how it
increases into the residual soil and mostly governs the residual soil's structure as weathering
continues. The compressibility decreases with an increase in weathering 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.
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Increasing state of weathering and decrease in structural prominence

Figure 8-15 Photographs taken of residual andesite sample 2842, completely weathered rock sample 1357 and 1354 retrieved near the residual soil and completely
weathered rock interface and sample 2835 taken from the less weathered completely weathered rock (photographs taken by D Swart)
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Figure 8-16 Proposed generalised structural prominence and compressibility profile

The simplified weathering profile on Mn-rich dolomite is presented in Figure 8-17. The changes in
parameters and behaviour of wad are predictable due to its unique characteristics. The material
is highly enriched in Mn oxides and under intense weathering conditions the Mn-oxides will be
replaced by Fe-oxides, which will reduce the liquid limits as the high-water holding capacity of the
Mn-oxides decreases. The replacing of Mn-oxides with Fe-oxides will weaken and break the inter-
grain bonds as material transforms and changes volume and shape. A point will be reached where
the highly porous structure will collapse in on itself causing the material to densify and experience
a rapid decrease in the void ratio. The change in chemistry and physical state will alter the dark
blue colour to a red colour, typical of a residual soil. As weathering continues further the residual
dolomite will undergo pedological processes similar to any other sail.

The structural prominence for this weathering profile is shown and follows the same trend as the
generalised profile presented in Figure 8-16. The research has shown the wad with its relict
structure intact has a lower compressibility compared to the residual dolomite in the same profile.
When the structure has been destroyed through remoulding, the remoulded wad has significantly
higher compressibility values. The wad almost always has a lower dry density than residual
dolomite but has a lower compressibility due to its high structural prominence. The predictability
of the dry density and liquid limit in a dolomite weathering profile allows for the identification of the
material based on these two parameters.

145

© University of Pretoria



e

Mn Oxide - Fe Oxide - DoIomite|:| Quartz|:| Kaolinite|:| Gibbsite|:|

Transported
/ cover

uoneJa)e

pue (Buiyoes|) Buuayjeam jo ajejs Buiseaou|

Residual
dolomite

Wad

Weathered 0 Relative mineral 100 . > —>

................. occurrence % Increasing Increasing

—————— Parameter Parameter

\Weathering
Front

Dry \ Void Liquid \ Compressibility\ Pedological\ Relict rock

Density Ratio limit features structyral
prominence

Figure 8-17 Chemical and physical profiles for dolomite weathering profiles

Swart (2019) summarised three decades of available data on dolomite residuum and found
behaviour of the material is highly dependent on the relict rock structure of wad and the presence
of Mn-oxides. The structure and the Mn-oxides govern the dry density and liquid limits,
respectively. The data presented in Swart (2019), Bester (2021) and this study has been used to
plot boundary lines within which wad and residual dolomite will plot. The purple shaded area is
typical of wad, be it structured wad or non-structured wad. Wad generally exists at a dry density
less than that of water, but samples have been found to exist slightly above this value and therefore
the boundary line is positioned at 1050 kg/m?*. No wad sample has been found to exists at a dry
density of less than 220 kg/m?* and therefore this area has been shaded in grey to indicate no
material exists here. The liquid limit of wad is generally higher than 50% but a few samples has
been found to go as low as 35% and the boundary has been placed here. The parameters of
residual dolomite are slightly more variable than the wad, but it mostly has a higher dry density
and a lower liquid limit. The area for the residual dolomite is presented based on these trends
(Figure 8-18).
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8.5 Conclusion

In this chapter, each individual profile was evaluated to understand the impact of weathering on
the material sampled in the profile. A basic trend was determined and showed that compressibility
increased with an increase of weathering. The profiles formed from igneous rocks showed that
increased weathering tends to form clayey residual soil with very little to no remnants of relict rock
structure. Consequently, this soil displayed higher compressibility compared to completely
weathered rock. However, the dry density and void ratio of the igneous rock profile did not follow
this trend, and no clear relationship was observed between these parameters and compressibility.
The completely weathered rock was found to be in a less weathered state according to the
chemical weathering indices, compared to the residual soils. Comparing the chemical weathering
indices to the compressibility showed a positive relation where increased weathering results in a
higher compressibility value.

The dolomite profiles were evaluated in the same way and showed a relation between the dry
density and void ratio to compressibility. Generally, materials from dolomite residuum with a high
void ratio and low dry density had a lower compressibility value. This seems counterintuitive but is
explained by the presence of the relict rock structure. The relict rock structure provides strength
and stiffness to the completely weathered rock and governs the porosity and dry density of the
material. When this structure is lost in wad, the material will densify and have a higher
compressibility value.
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8

The critical importance of the presence of relict rock structure on the compressibility behaviour of
the completely weathered rock has been observed in all profiles evaluated. Therefore, the novel
concept of structural prominence is put forward to better understand the role relict rock structure
has in compressibility behaviour of a material. This concept can be applied to igneous and
dolomite weathering profiles and is not influenced by the dry density and void ratio of the
completely weathered rock and residual soils, which are usually the key parameters in predicting

soil compressibility.
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9 Conclusions

The impact of chemical decomposition on weathering rock profiles formed on igneous and
dolomite bedrock have been evaluated in this study. Completely weathered rock forms through
moderate 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 relict 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 during 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 predictable 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. As presented in this study, the soil texture of the completely weathered rock and
residual soil can be determined from simple field tests that only require water and common
stationery. These tests make use of use well-understood behaviour characteristic of fine-sand, silt,
and clay at varying moistures to determine the plasticity of the material, and subsequently the soil
texture.

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. The close relationship between the chemical and physical states of
completely weathered rock, allows for the determination of structural prominence which
characterises the degree to which the relict rock structure influences the compression behaviour.
The structural prominence decreases as weathering increase and, consequently, this increases
the compressibility 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 and
has been shown in this study to be a better predictor of soil compressibility than the dry density or
void ratio.
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9.1 Main Findings

The study was conducted with the use of traditional geotechnical laboratory methods of which the
results were compared and analysed with advanced visual techniques. The laboratory testing
included particle size analysis and Atterberg limits testing, chemical evaluation with the use of
XRD and XRF testing methods, compression testing in oedometers, and saturated permeabilities
in a triaxial cell. The advanced visual testing comprised XRCT scan that allowed for the modelling
of 2D and 3D porosity and density models. These models provide invaluable insight on the
structural properties that govern the compression behaviour of the completely weathered rock
and residual soils. The XRCT models allowed the author to confirm the presence of relict rock
structure and how it altered through weathering. These models were compared to the
compression behaviour and revealed that the condition of the relict rock structure governed the
strain taken under load to a greater extent than the dry density and void ratio. The state of the
relict structure can only be done qualitatively through visual assessments. As discussed
thoroughly in this thesis, the rock structure and state of weathering are closely linked. The degree
of chemical weathering can be determined through chemical weathering indices. The chemical
weathering indices and visual assessments can provide a structural prominence which can predict
the compression of the material. The structural prominence can only be determined if data points
exist in a profile but can be used to extrapolate the compression behaviour across the profile using
much cheaper and quicker XRF testing. Samples for XRF testing can be obtained from rotary core
drilling samples which makes it a powerful and novel tool to assess the compression behaviour in
weathering rock profiles.

The main findings of this study are summarised as follows:

1. XRCT scans can be successfully used to assess the presence of structure in a soil material
without the need to dry out the material or any other destructive sample preparation steps.
It can provide information such as pores geometry in 2D and 3D, persistence of structure,
and typical moisture flow paths. Depending on the sample size, the pores’ structure can
be confidently 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 as mentioned in
this thesis.

2. The XRCT method does have limitations that were observed in this study. The method is
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.

3. Relict rock structure is a governing parameter in the compression behaviour of completely
weathered rock. The structure is linked to the chemical weathering state of the soil.
Therefore, chemical weathering indices are a good predictor of presence of structure in
igneous and dolomite weathering profiles.

4. It seems structure does not need to be assessed on a case-by-case basis. Relict rock
structure always has a positive influence on stiffness and strength and needs to be
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appreciated during the evaluation of a rock weathering profile. The degree of structure
present, which is dependent on the parent rock structure, should be the focus of the
assessment. The degree of structure will always decrease as chemical weathering
intensity increases.

5. A novel concept is put forward called the structural prominence. It describes the presence
of the relict rock structure and how it influences the compression behaviour of completely
weathered rock. As chemical weathering increases, the structural prominence decreases,
and results in an increase in compressibility of the material

6. The structural prominence describes the compression behaviour well on a dolomite
weathering profile. Here the wad is typically at a lower dry density and higher void ratio
than the more weathered residual dolomite but has been shown to undergo less strain
under the same load conditions. This is due to the high structural prominence expected in
wad.

7. Wad has a high structural vulnerability meaning when the structure prominence is lost, the
resultant material performs significantly poorer when placed under a load. This is an
indication of the role this material has on the formation of sinkholes.

8. Anew characterization method is proposed for identifying residual dolomite and wad using
easily calculated parameters, namely liquid limit and dry density.

9.2 Way forward

It is recommended to evaluate the structural prominence across various geological weathering
profiles under different climatic conditions. More rigorous testing methods such as triaxial shear
testing in the laboratory and plate load testing in the field should be conducted to assess the
shearing and failure characteristic against the structural prominence of the sample.
Interdisciplinary research between the XRCT specialists and engineering geologists is
recommended to improve the pore modelling of soil and completely weathered rock.
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