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Abstract: Soft grounds are often the result of weathering. Weathering is the chemical and physical change in time
of ground under influence of atmosphere, hydrosphere, cryosphere, biosphere, and nuclear radiation (temperature,
rain, circulating groundwater, vegetation, etc.). Erosion is the removal of material on or below the Earth surface
due to flowing (ground-) water, ice, and wind. Quantities of weathered material do not need to be large to change
the geotechnical properties of a groundmass, for example, weathering of discontinuity walls that reduce the shear
strength. Weathering is the reason for many constructions and other engineering applications in which ground is
used, to become a disaster. The processes involved in weathering are described briefly as well as the role of erosion
in weathering and weathering depth. The dependence of weathering on lithology, implications for engineering
applications, the methodology for describing and classification of weathering, and options for determining the
susceptibility to weathering for forecasting future weathering are introduced. Hard layer or crust forming as result
of weathering and tests for determining the state of weathering and susceptibility to weathering conclude the
chapter.

Keywords: Ground, Weathering; Susceptibility to weathering; Geomechanical properties; Degradation; Erosion,
Hard layer

1 Introduction

Weathering is the change of ground materials under influence of the Earth atmosphere, hydrosphere,
cryosphere, biosphere, and by nuclear radiation, mostly causing hard ground to become soft ground. Landslides
and instable cut slopes are the most obvious results of weathering but also soil and rock in tunnels may weather
and jeopardize tunnel stability. Completely buried ground below foundations of surface structures may weather
due to percolating groundwater and air causing a gradual degradation of the geotechnical quality of the ground
under a foundation. Under some conditions weathering may have a reverse effect and cause an increase in ground
strength when forming ‘hard’ layers.

Weathering in most grounds is normally a fairly slow process taking long (geological) times to weather a large
volume of ground, but it should be realized that small changes of very small quantities of material of a ground by
weathering happening in a relatively short time span already may jeopardize an engineering construction. For
example, the rock on both sides of a joint plane after excavation being exposed to a new environment may weather
by a depth of tens of a millimeter in a couple of days, months, or years after excavation. Then the shear strength
of the joint plane may be significantly reduced due to weathering of the asperities on the joint plane and forming
a thin layer of low shear strength infill material, e.g. clay, in the joint. Such reduction in shear strength is often
enough to allow sliding of a rock block where that would not have been the case along the unweathered joint
plane.

Weathering also allows ‘loss of structure’ of ground. The geotechnical quality of ground is to a certain extent
due to a tight structure of particles and blocks of ground material. The tightness of the structure is reduced if
weathering causes removal of part of the material or reduces the strength of particles or blocks. The reduction in
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tightness, among others, allows displacements in the ground, reduction of stresses in the ground, reduction of
shear strength between particles and blocks, and, hence, the overall geotechnical quality of ground.

Thus, weathering has a major influence on the engineering properties of the ground (Anon. 1995; Hack 1996;
Hencher 2015; Tating et al. 2013; Misc¢evi¢ and Vlastelica 2014; ISO 14689-1:2017 ; Fookes 1997; Price et al.
2009). Therefore, weathering and the change of geotechnical properties with time during the lifetime of an
engineering construction have to be incorporated in the design of any construction on or below the Earth surface.

Weathering is often assumed to be restricted to the Earth surface, but active weathering may take place deep
under the surface, for example, around faults with percolating groundwater down to thousands of meters deep,
and at surface weathered material may have moved down into the Earth crust by tectonic and sedimentary
processes. Moreover, weathered material may be a relic of weathering under a past climate or environment that
has changed since long (Harris et al. 1996; Olesen et al. 2007). Hence, any weathered material can be encountered
anywhere at the surface or in the subsurface of the Earth.

1.1 Definitions

Weathering in this chapter denotes the chemical, physical and nuclear change of ground due to contact between
the ground and the Earth atmosphere, hydrosphere, cryosphere, and biosphere, and due to nuclear radiation, but
without any substantial transport of the weathering products. The influence of lightning striking the ground and
the influence of bush or underground fires on ground are included in weathering too. Man-action is also of
importance as it is often the reason for new or intensified weathering of ground. Some literature identifies a fourth
process; biological weathering, but in this chapter biological influence is included in physical and chemical
weathering as the processes and mechanisms involved in biological weathering are the same as in physical and
chemical weathering. Erosion denotes the transport of weathered material by surface or subsurface processes to
another location, i.e. transport by (ground-) water, ice, air, or other agents. In this chapter fragmentation without
transport is part of the weathering process. Radiation and emission of particles from the Earth itself, space, or
from man-made nuclear materials are collectively denoted ‘nuclear radiation’.

The locations on surface and in the subsurface where weathering takes place are also the locations where often
stress relief, intact ground creep, and groundmass creep occur. These effects are virtually always impossible to
differentiate from effects caused by weathering. Moreover, the effects and weathering interact, for example, stress
relief causes displacement of discontinuities that increases permeability, which allows more groundwater to
percolate through the ground that intensifies weathering. Vice versa, removal of material due to weathering and
erosion allows ground to de-stress, increases permeability, etcetera. Therefore, in this chapter effects of stress
relief, intact ground creep, and groundmass creep are included in the definition of weathering as proposed by Price
(1995).

Ground materials are diverse and may be gases, fluids, solids (i.e. minerals, grains, and aggregates of grains or
minerals), and any mixture of these and include man-made ground, such as fills and waste dump materials. Ground
is commonly differentiated into soil and rock; soil being an aggregate of loose or weakly-bonded particles, and
rock consisting of particles cemented or locked together, giving rock a tensile strength. Soil and rock are, by some,
differentiated based on a compressive strength difference mostly with soil being weaker than 1 MPa and rock
being stronger.

A differentiation is made between ‘intact’ and ‘discontinuous’ ground, i.e. ground without respectively with
distinct planes of mechanical weakness (‘mechanical discontinuities’). Faults, joints, bedding planes, fractures,
schistosity, foliation, etc. can be mechanical discontinuities. ‘Incipient discontinuities’ or ‘integral discontinuities’
are discontinuities that are not yet developed into mechanical discontinuities, i.e. the geotechnical properties of
the discontinuity are not yet different from those of the surrounding intact ground. Weathering and changes in
stress can be causes for incipient discontinuities to become mechanical, for example, weathering causes incipient
bedding planes to become mechanical discontinuities. A groundmass consists of (blocks of) intact ground with
discontinuities, if present. In this chapter the terms ‘intact ground’ and ‘groundmass’ are used in which ground
can be soil, rock, fill, waste, or any mix. Discontinuities denote mechanical discontinuities, except where indicated
otherwise. ‘Banking’ is a term sometimes used to denote layers of intact ground bounded by mechanical
discontinuities. Discontinuities are mostly belonging to a ‘set” or family’ of discontinuities in which the
discontinuities have the same origin and broadly the same geotechnical characteristics.

1.2 Weathering terminology

The terminology on weathering and the resulting weathering products is somewhat confusing. In many
literature ‘regolith’ is used to denote the zone below the Earth surface in which material is affected by or is the



Published in: Hack, H.R.G.K., 2020. Weathering, erosion and susceptibility to weathering. 3
In: Kanji, M., He, M., Ribeira E Sousa, L. (Eds), Soft Rock Mechanics and Engineering, 1 ed, Ch. 11. Springer Nature
Switzerland AG, Cham, Switzerland. ISBN: 9783030294779. DOI: 10.1007/978303029477-9_11. pp. 291-333.

result of weathering, e.g. weathered rock, loose soils such as fluvial and eolian deposits for which also the term
‘transported regolith’ may be used, and cemented soils such as hard layers and crusts. Other literature also includes
in regolith volcanic deposits as lava flows and volcanic ash, organic material, groundwater-deposited salts, and
groundwater itself. The term ‘saprolite’ may be used for the complete sequence from slightly weathered bedrock
to residual soil of a chemically weathered groundmass in a tropical environment (Massey et al. 1989), or only for
the completely weathered parts of the bedrock (Wilson 2004). Regolith and saprolite may be used together with
the complete weathering sequence denoted regolith but with a subdivision between a top layer named ‘residual
soil’ and the gradual change to bedrock below named saprolite (Singh and Huat 2004). ‘Laterite’ is used in the
literature to describe the ‘hard layer’ of iron-cemented residual soil resulting from weathering in a tropical
environment (Blight 1989), but by others may be used for any red-colored residual soil formed in a tropical
environment. In this chapter only the ISO 14689-1:2017 (2017) standard terminology will be used and other
terminology avoided as the definitions are ambiguous and rather vague with regard to engineering properties.

2 Weathering

Weathering is part of the normal cycle of ground materials on Earth. Rocks are moved up to surface by tectonic
forces or extruded by volcanic action. The rocks at surface are weathered due to exposure to the atmosphere,
hydrosphere, cryosphere, biosphere, and nuclear radiation that cause disintegration, changes in mineralogy,
dissolution, and rock to become soil (Fig. 1). The soil may be eroded by wind, rivers, and glaciers, transported,
and finally may end up in lakes or in sea where it becomes sediment. The sediment is buried by subsequent
deposits and under an increasing overburden load consolidated, compacted, possibly cemented, heated, melted
and coagulated, and/or changed in mineralogy, and becomes rock again. On the other hand, weathering products
such as dissolved minerals may be transported by (ground-) water and precipitate at other locations and become
cement in-between particles and discontinuities leading to increased strength of intact ground and discontinuities,
and may result in hard layers or crusts (section 8).

2.1 Physical weathering

Physical weathering results in the breakdown of groundmasses into progressively smaller fragments without
changing its components. The main processes in the breakup of ground are differential expansion due to
temperature variations , wetting and drying, freezing and thawing, pressures of water and ice in pores between
particles in intact ground and in discontinuities, (re-) crystallization pressures, hydration, swelling and shrinkage
of minerals due to water absorption, e.g. some clay minerals, grow of plant and tree roots in ground and
discontinuities, and animal action. Lightning striking the ground and (bush and underground) fires may also cause
reduction of fragments (Knight and Grab 2014; Allison and Bristow 1999).
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Fig. 1 Exposure of physically and chemically weathered granodiorite (an intrusive, igneous rock comparable to
granite); zones of fresh, hard, and strong granodiorite (bluish-grey colored) occur in between zones with
granodiorite fallen apart in smaller blocks and zones completely decomposed into loose soil material (brownish
colored). Note the general increase of decay upwards to the original topographical surface (vegetated) (Road
T710, Falset - Gratallops, Catalunya, Spain; photo courtesy of W. Verwaal 2002)

2.2 Chemical weathering

Chemical weathering designates the reactions between minerals and weathering agents and results in
decomposition, new forming, and solution of minerals (Fig. 2). Presence of water, groundwater, or air with
dissolved or vapor of chemical agents are of major importance as these react with the ground and groundmass
material. Some minerals are more susceptible to chemical reactions with weathering agents than other depending
on crystal structures and chemical characteristics. For example, silicate minerals based on lattices of a repeating
grid of silicon and oxygen weather very slowly if the silicon-oxygen groups are firmly bond directly to each other,
e.g. quartz, but weather fast when the oxygen atoms are bond to intermediate atoms as magnesium or iron, e.g.
olivine. Other minerals are easily soluble, easily react with oxygen, or with weak carbonic acid (hydrolysis).
Temperature is important as chemical reactions are faster under higher temperatures. Therefore, chemical
weathering is faster in tropical areas with a warm and humid environment than in an arid polar or mountain
environment with low temperatures and little humidity. Biotic influences, induced by living organisms such as
plants, bacteria, and worms and the influence of chemicals exerted by living organisms and dissolved in (ground-)
water are included in chemical weathering. Chemical weathering may also occur due to man-action, such as
polluted groundwater, released acids in mining (Fig. 3), fertilizer dissolved in groundwater, and polluted air and
rain, e.g. ‘acid rain’.
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Fig. 2 Road cut slopes excavated in gypsum-cemented siltstone about 5 years after excavation. The slopes were
excavated as a plane surface with a slope angle of about 60°. The slopes are instable and eroded due to solution
of gypsum after excavation. The north side is less affected than the south side, likely due to more direct sunlight
on the north side and the pre-failing wind direction. The protrusive banks in the south side and greyish areas in
the north side are layers mainly consisting of gypsum with little silt that are slightly more resistant to solution and
erosion (Road C44 near Vandellos, Catalunya, Spain)

2.3 Nuclear weathering

The Earth and any other object in space are subject to a bombardment with different types of radiation
consisting of galactic and solar waves and particles from space that may change atom and mineral structures, and
disintegrate minerals, ground and groundmasses (Pieters and Noble 2016; Sim et al. 2017). The effect is known
as ‘space weathering’ and the effects are evident on planets and objects in space without atmosphere and magnetic
field. On Earth, the Earth atmosphere and the Earth magnetic field stop most radiation from space reaching the
Earth surface. Radiation emitted by radio-active materials in the ground of the Earth itself and by man-made
nuclear materials have similar effects. The effects of nuclear weathering at or in the Earth surface are likely very
small or negligible for engineering compared to weathering by the Earth atmosphere, hydrosphere, cryosphere,
and biosphere, except probably for intense radiation by natural nuclear fission and man-made nuclear materials
over long periods of times, such as in radio-active waste repositories (section 4.4).
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Fig. 3 Acid groundwater causing deterioration of rock mass and steel support in a mine tunnel. Oxidation of metal-
sulfides by oxygen-rich percolating groundwater caused forming of sulfates and acid water. The blue and white
stained areas are sulfates precipitated from seepage water (Gold, silver, copper and lead mine Rammelsberg,
Goslar, Harz, Germany; photo courtesy S. Carelsen 2010)

2.4 Development and weathering of discontinuities

Discontinuities in groundmasses weather as well. The spacing between mechanical discontinuities at surface
is mostly smaller and thus the block size because incipient discontinuities develop into mechanical due to
weathering (Fig. 4). The shear strength of discontinuities may reduce due to weathering of the discontinuity wall,
solution effects, or forming or change of infill material. For example, in weathered calcareous rock masses
containing some clay, it is often found that the walls of the bedding planes are slightly weathered and that a thin
clay infill is found in the discontinuities. The infill is the leftover of the weathered rock material.
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Fig. 4 Decrease of spacing between mechanical discontinuities (‘banking’ spacing) nearer to the original
topographical surface due to weathering of incipient bedding plane discontinuities into mechanical discontinuities.
Note the very thin layer of weathered material and topsoil derived by weathering from the limestone rock mass
that consists of fairly pure calcareous material (cut slope along road T322-Montroig to Colldejou, 1.3 km SE of
Colldejou, Falset, Spain; photo courtesy W. Verwaal 2001)

Mechanical discontinuity sets may develop sequential (Tating et al. 2015). At the onset of weathering first some
of the incipient bedding planes develop into mechanical discontinuities, followed at later stages in the weathering
process by other sets of discontinuities with different origin. Also, the persistence of discontinuities may extend
per set such that in less weathered groundmasses virtually no persistent discontinuities are present, developing
over one set being persistent to finally all discontinuities in all sets being persistent in more severely weathered
masses. The properties of discontinuities, for example, shear strength, may also be different because of the
different duration of weathering since the change from incipient to mechanical discontinuities.

3 Lithology and types of weathered groundmasses

Weathering is to a considerable extent depending on the lithology, texture, and structure of the groundmass and
groundmass materials. The number of different materials and groundmasses is virtually infinite and therefore also
the effects of weathering on groundmasses. However, it is possible to broadly group different groundmasses
affected by weathering that show more-or-less comparable effects of weathering.

3.1 Standard weathering profile

Throughout the literature and in the standards for geotechnical work mostly a sketch of a typical weathering
profile is included, however such profiles are ‘idealized’ and do not apply to all weathering profiles. Fig. 5 shows
the typical weathering profile for a weathered gneiss and schist groundmass in a tropical climate.
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Indicative Rock mass|Description
depth below weathering | (as rock mass for fresh to moderately weathered, and as soil
surface (m) grade mass for highly weathered to topsoil)

Dark brown, black, sandy clayey SILT with organic matter and

O A
0.2 w_;l’opson man-made material

- {Residual |Reddish brown to light brown, low sphericity, very angular, sandy
soil clayey SILT of high plasticity

09-12g Reddish brown to red, low sphericity, very angular, clayey silty

sandy GRAVEL to gravelly sandy clayey SILT of high plasticity,
relict discontinuities (foliation and joints), with in lower part
occasionally cobble- and boulder-sized completely decomposed
core stones with white kaolin

s Completely

Reddish brown, low sphericity, very angular, clayey silty sandy
GRAVEL, relict discontinuities (foliation and joints), with cobble-
and boulder-sized completely and partially decomposed core
stones consisting of mainly mica and feldspar with white kaolin

Moderately
1 Light brown, light grey, white, medium- to coarse-sized minerals
with phenocrysts, very weak to very strong, schistose and foliated,
SCHIST and GNEISS in part migmatized, upwards increasingly
weathered leading to core stones surrounded with zone of
decomposed intact rock material (hatched), discontinuities
discolored (bottom) to filled with completely decomposed and
altered intact rock (top), white kaolin in intact rock and
discontinuities, porphyroclasts (garnet) becoming markedly
weathered (weaker) starting from moderately weathered

55-8

Fresh Light grey, white, medium- to coarse-sized minerals with
(un- phenocrysts, moderately strong to very strong, schistose and
weathered)|foliated, SCHIST and GNEISS in part migmatized

Fig. 5 Example of a weathering profile in a groundmass consisting of weathered gneiss and schist in a tropical
climate (Weathering grades follow Table 2 for rock masses) (modified from Tran et al. 2019)

3.2 Sandstone, intrusive and metamorphic groundmasses

Sandstones, many intrusives, and many metamorphic groundmasses show a weathering profile similar to those
shown in Fig. 5 and Fig. 6. The weathering starts from and via the discontinuities due to percolating groundwater
and air in the discontinuities. The discontinuities change progressively from incipient to mechanical
discontinuities (section 2.4), become more permeable, thus allow more groundwater and air to percolate, and so
allow more and more weathering to occur. Discontinuities become wider, i.e. the aperture increases, because intact
ground changes into decomposed intact ground which forms the soil-type discontinuity infill material. Coarser
grained, igneous, and metamorphic rocks, and sometimes sandstones may form core stones with a different state
of weathering than the surrounding more weathered material, and various sets of discontinuities may have
different states of weathering and resulting characteristics due to differences in duration of weathering.

P
topsoil
residual soil meemmstsna..

completely &
hlghly&:“ s

maoderately

W 3 T g | v P

Fig. 6 eathered cut slope in gneiss and schist in a tropical climate (Weathering grades follow Table 2 for rock
masses) (Yén Bai City, Vietnam; photo courtesy D. Alkema, 2010)
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3.3 Calcareous groundmasses

Weathered calcareous groundmasses may show a weathering profile as shown in Fig. 5, but generally the
amount of weathered material is less as the carbonate for a part or completely dissolves in groundwater and
vanishes from the environment. Therefore, completely weathered and residual soil layers formed by weathering
of calcareous rock masses are mostly very thin because only the non-dissolvable material, e.g. clay, remains, if
the calcareous rock mass contains any non-dissolvable minerals. A very pure calcarcous groundmass, i.c.
consisting nearly completely of calcareous minerals, does not produce any layers of completely weathered
material and residual soil (Fig. 4), and also no infill material in discontinuities. Only the spacing of discontinuities
becomes smaller with increasing state of weathering as incipient discontinuities change into mechanical, resulting
in smaller block sizes.

3.4 Varying susceptibility to weathering in one groundmass

A groundmass with different lithologies with different susceptibilities to weathering may develop a weathering
profile in which the less susceptible layers are weathered less than other layers. Consequently, the state of
weathering will vary depending on the lithology (Fig. 7).

T

Fig. 7 Different lithologies with different susceptibility to weathering result in groundmasses with layers with
different states of weathering. The grey, light-brown sandstone is more resistant to weathering than the dark-
brown, black shale that is already completely weathered and partially eroded within five years after excavation
giving the inserts in the groundmass (Flysch deposit of sandstone layers mainly consisting of quartz grains,
alternating with shale; Kota Kinabalu, Malaysia, 2011)

3.5 Very thin bedded groundmasses

Thin-bedded fine-grained sedimentary materials may weather very rapidly directly after exposure due to the
influence of atmosphere, hydrosphere, and cryosphere or when stresses change (Miscevi¢ and Vlastelica 2014;
Huisman 2006). Fig. 8 shows calcareous sedimentary deposits with many incipient bedding planes with very small
spacing probably also including some small quantities of organic material. When the groundmass is exposed the
mas destresses and becomes subject to temperature and humidity variations. Incipient sedimentary bedding planes
become then mechanical discontinuities and rapidly within a couple of years, the groundmass falls apart.
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Fig. 8 Thin-bedded sedimentary mudstone and claystone with angular more-or-less equidimensional rock blocks
of some 20 cm fall apart in rounded very small flaky particles of millimeter size due to stress relief and weathering
within a couple of years after exposure in a warm temperate to semi-arid Mediterranean climate. The insert photo
shows layers of bluish-greenish mudstone and claystone alternating with pinkish dolomite layers. (length hammer
about 30 cm) (Hostal Slope, along N420 road, km 846, Falset, Spain; large photo courtesy M. Huisman 2004)

3.6 Disking in borehole cores — weathering of borehole cores

A similar feature as with thin-bedded sedimentary rocks may occur in borehole cores. Newly-formed
mechanical discontinuities split the borehole core in ‘disks’ when arriving at surface. The process is described by
the term ‘disking’ or ‘discing’. Various processes and mechanisms sometimes acting together are responsible.
Mud- and claystones and shales show a disking effect in which closely spaced incipient bedding planes become
mechanical discontinuities due to stress relief and temperature and humidity changes. Presence of swelling
minerals is also of influence (Ohta 2001). Disking may be time dependent and cores directly after drilling may
show little disking but this increases with time (Hoek and Brown 2018) which is very similar to the weathering
as described in section 3.5. The effect of disking is mostly more severe for borehole cores from larger depth
(Stacey 1982). Core disking may also be due to the existence of (highly anisotropic) in-situ horizontal stresses in
relation to the tensile strength of the material even if the material in-situ is unfractured and not bedded, for
example, disking of granite without any form of incipient bedding, layering, or fracturing (Lim and Martin 2010).

3.7 Groundmasses containing easily dissolvable minerals; gypsum and salt

Anhydrite, gypsum, and salts are generally very easily dissolving in (ground-) water. This causes that the
complete groundmass with these minerals or part of it vanishes with the water and when the soluble minerals
forms the cement between the particles in the groundmass the groundmass develops into a loose uncemented soil
(Fig. 2) (Huisman et al. 2006). Salt dissolves virtually instantly after excavation at contact with water, i.e. first
rain, while anhydrite and gypsum may dissolve a in a couple of years in a temperate or humid climate. Therefore,
exposed groundmasses with anhydrite, gypsum or salts exist in arid climates only.

3.8 Karstic groundmasses

Karst is weathering by solution in carbonate, anhydrite, gypsum, or salt containing groundmasses where part
of the groundmass is dissolved and removed by groundwater (Pesendorfer and Loew 2004; Schmitz and Schroeder
2009). The process starts with dissolving material along discontinuities due to percolating groundwater resulting
in small cavities and holes along discontinuities. In strong rock masses with not too fast dissolving minerals, e.g.
calcareous minerals, these may grow into caves, sometimes of a size allowing underground streams and rivers,
such as the river Lesse in Belgium (Caves Han-sur-Lesse 2018). In weaker groundmasses solution pipes often
infilled with materials from above, may have penetrated deeply into the calcareous groundmass (Price et al. 2009).
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3.9 Volcanic groundmasses

Lava and ash are formed relatively rapidly as these cool very fast resulting in small minerals of which many
are unstable under surface conditions (Yokota and Iwamatsu 2000). Some coagulated lavas, as for example, some
basalts, have a very low permeability that prevents minerals to be in contact with weathering agents as water, but
ash has a high permeability, thus many options for contact between unstable ash minerals and agents, and
weathering of ash is very fast. Minerals in volcanic ashes disintegrate quite rapidly, dissolve, or weather into clay
minerals (James et al. 2000; Yokota and Iwamatsu 2000). Weathering of volcanic deposits may be 30 times faster
than weathering of granite or shale under the same conditions (Dosseto et al. 2012). The rapid weathering produces
the very fertile agricultural soils in volcanic areas.

3.10 Groundmasses with sulfides; oxidation of sulfides

Weathering by oxidation of sulfides such as pyrite is influenced by bacteria, air, and oxygen-rich water that
cause the sulfides to decompose into an oxide and sulfuric acid. The oxide minerals are mostly less strong or have
a different volume than the original sulfide minerals and therefore, reduce the mechanical strength parameters of
the ground. The acid may be aggressive to the groundmass, engineering structures, and the environment (Fig. 3)
(Brattli and Broch 1995; Oyama and Chigira 2000). Sulfur and sulfides such as pyrite, may spontaneously combust
if in contact with oxygen-rich air, leading to underground fires if igniting nearby combustible materials (section
3.11) (Wu et al. 2006).

3.11 Organic groundmasses; coal and peat fires and peat weathering

Combustion and fires of coal and peat are also a form of weathering (Kuenzer and Stracher 2012). These may
occur in coal seams and peat layers that are in contact with oxygen-rich air. Combustion may start at surface
exposures and can run underground for kilometers if faults or subsidence cracks allow fresh air to reach the coal
or peat and eject exhaust gasses. Poor mining practices, uncontrolled exploitation, or natural spontaneous
combustion of coal may be the onset of coal fires and bush fires may be the onset of peat fires. Oxidation of sulfur
and sulfides present in the coal or surrounding layers may start or accelerate the fire (section 3.10) (Didier et al.
2008). Underground coal fires are notoriously difficult to stop and sometimes may burn for many tens to thousands
of years (Krajick 2005). The burning process converts the coal and peat in gasses with a large volume reduction
of the original seams and layers. In the organic layers but also in surrounding non-organic layers minerals may
change or fall apart due to the heat and heating may fracture intact ground, leading to a geotechnically less strong
ground. The inverse may also happen if minerals in surrounding layers are cooked or baked such that the layers
become stronger. The ground remaining after the fire may have cavities partially or completely filled by collapsed
overlying ground, open discontinuities, and major subsidence at surface can occur. The layers between the layer
the fire was in to surface may have irregular boundaries and subsidence cracks.

Weathering of peat is due to water or air with oxygen percolating through peat layers that cause (bio-) oxidation
and disintegration of organic material in the peat. The peat undergoes a large reduction in volume and land
subsidence is the result, such as in Venice, Italy (Gambolati et al. 2005), Ireland, Finland, The Netherlands, and
many other countries.

3.12 Poisonous fluids and gasses

Particular geological conditions may cause weathering that forms (highly poisonous) arsenic groundwater, for
example, in parts of India and Bangladesh , China, South and North America, and Eastern Europe (Ghosh and
Singh 2009; BGS Arsenic 2001; Welch et al. 2000; VanDerwerker et al. 2018). Although the origin of the arsenic
and the process how it ends up in the groundwater are not known in all detail in all areas, it is likely that in
Bangladesh and India, the arsenic stems from coal seams, micas, pyrite-bearing shale, or gold deposits, that are
weathered, eroded, transported, and became soil deposits at another location. These later deposits are in contact
with the groundwater in which the arsenic is released. Possibly anaerobic conditions, bacterial or man-action, such
as contamination of the groundwater with fertilizer, may be of influence in releasing the arsenic from the soil
deposits into the groundwater. Another very dangerous weathering process is the release of deadly quantities of
hydrogen sulfide gas from reactions between methane released by coal and bacterial sulphate reduction of
anhydrite (Alborz Service Tunnel, Iran, Wenner and Wannenmacher 2009).
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3.13 Man-made groundmasses; fills and waste dumps

Man-made groundmasses such as dumped or dredged fills for land reclamation weather if the fill or dump
materials are prone to weathering. Municipal solid waste dumps may weather due to decay of materials, often
forming gas and fluids and leaving cavities in the mass (Machado et al. 2008). Groundwater below and around
waste dumps may become polluted by a whole series of chemicals of which many are unfriendly for the
environment, poisonous, aggressive for engineering structures, or may react with surrounding groundmasses.

4 Weathering rate and depth of weathering

The rate of weathering, i.e. the weathering per time unit, is highly variable and strongly depends on the type of
groundmass, environment, climate, and local circumstances, such as erosion, the accessibility of the groundmass
for (ground ) water and air, and dissolved minerals in (ground-) water and vapor in air. Nuclear radiation may also
have an influence on weathering rates. Under some conditions weathering may have a significant impact on
engineering structures within a few years whereas in other no influence is observed in centuries (Huisman et al.
2006; Hack et al. 2003; Tating et al. 2013; Tran et al. 2019; Cabria 2015). Consequently, the same holds for the
weathering depth into the groundmass. In humid and warm environments, in-situ weathering from surface may
go down to tens and often more than one hundred meters below surface (Lumb 1983; Qi et al. 2009; Fookes 1997).
In dry climates, however, the in-situ weathered zone is often just a few decimeters or meters deep. The depth of
the weathered zone is less where weathered material is removed by erosion (section 4.2) or by solution into
(ground-) water.

4.1 Environment and climate

The environment and climate have a major influence on rate and depth of weathering. In a tropical humid
climate chemical weathering is dominant and minerals fall apart very rapidly under influence of chemical
reactions. In more temperate climates physical weathering becomes dominant, whereas in arid polar or dry
mountain climates physical weathering will be virtually the sole mechanism of weathering (Lamp et al. 2017).
Further important factors are the amount of sunlight on the groundmass, wind force, and prevailing wind direction.
The sunlight and wind allow for fast drying of the ground after rainfall and hence reduce chemical reactions that
involve water and thus reduce the chemical weathering rates. Larger differences in temperature between day and
night and over the seasons and alternating wetting and drying due to cyclic rainfall increase physical weathering.
Soluble (e.g. carbonate, anhydrite, gypsum, and salts) materials fall apart or dissolve faster in a wet climate than
in a drier climate.

4.2 Erosion

Erosion predominantly occurs at the Earth surface and is generally less relevant in underground works.
However, underground water flows, including water leaking from sewage and water mains, may transport soil or
infill materials. Erosion by itself may lead also to effects similar as those in weathering, for example, the saltation
of sand that reduces particle size of sand grains and creating dust particles in wind (Shao et al. 1993). Grinding of
rock blocks over the bedrock in rivers and glaciers reducing block size of a moving block, and also fracturing,
loosening, and unlashing rock blocks and particles from the bedrock (‘plucking') by moving water, ice or wind are
other examples (Singh et al. 2011; Anderson and Anderson 2010).

Weathered materials often form a good insulation of the underlying groundmass from the influence of the
atmosphere, hydrosphere, cryosphere, and often also biosphere. This de-accelerate weathering, slows further
weathering in depth, and when the layer of weathered material is thick enough effectively stops further weathering.
Inversely, erosion causes the insulation to be removed, exposing the groundmass to the environment, accelerate
weathering, and allow further progressive weathering in depth of new fresh ground. Erosion thus increases the
rate of weathering of the underlying material (Huisman et al. 2011; Tating et al. 2019).

4.3 Accessibility of groundmass for weathering agents

Weathering of soil-type material mostly progresses through intact material and discontinuities, if present. The
weathering agents, such as water and air, percolate through the pores and channels between pores in intact ground,
and through discontinuities. The permeability of intact rock-type material is normally quite low and therefore
weathering of rock masses mostly starts from the discontinuities through which the weathering agents circulate
and develops further into the intact rock material from the discontinuities. Causing, for example, a gradual
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decrease in strength of intact rock towards the discontinuity. In many groundmasses discontinuities give thus the
access to the groundmass for weathering agents, and the number of permeable discontinuities determines for a
considerable extent the rate of weathering in rock masses. Discontinuities, such as faults, with percolating
groundwater may exist at any depth below surface and groundmasses at large depth of thousands of meters may
be subject to active in-situ weathering (Katongo 2005).

Man-made influences such as the damage caused by the tools and means used for making an excavation may
allow faster and deeper weathering. The excavation method may create fractures, widen existing discontinuities,
and change incipient into mechanical discontinuities, collectively denoted ‘backbreak’, that allow water and air
to infiltrate easier and deeper into the groundmass (Fig. 9) (Hack et al. 2003).

fractures due
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Fig. 9 Discontinuities in a groundmass due to blasting and present as backbreak in the walls, roof, and floor of a
tunnel

Generally, more backbreak is caused when higher energy levels are used in shorter timespans, i.e. blasting
gives a high energy peak with many backbreak fractures, while scouring by a river creates an exposure virtually
without any backbreak as energy is applied over many hundreds or thousands of years. Table 1 illustrates the
damaging influence of excavation methods in use for surface and underground excavations with quantitative
factors for the damage. The factors are correction factors applied to groundmass properties.

Table 1 Excavation damage (‘backbreak’) factors for groundmasses

SSPC W TRITI™ Tlock - Brown B! MRMR & MDBR
(slopc) (slope)y (GST disturbance factor) (underground mining)  (underground mining)
Tixcavation T'actor  Toxcavation Rating  Txcavation (slope) D Tixcavation {tunncl) D Tixcavation  Tactor T:xcavation T'actor
Natural/hand-made 1.0 Smooth -1 In some softer rocks 0.7 Mechanical or hand 0 Boring 1.00 Boring 1.00
excavation excavation can be carried excavation in poor quality
Pneumaticthydraulic 0.76  Regular cut 3 out by ripping and dozing rock masses (no blasting)
hammer Manual cut 4 and the degree of damage resulls in minimal
(o the slope is less disturbance Lo the
(mechanical excavation) surrounding rock mass
Controlled blasting 0.99  Controlled 1 Excellent quality 0 Controlled 0.97 Controlled 0.94-0.97
blasting controlled blasting or blasting blasting
Small scale Good 0.7 excavation by Tunnel
blasting in civil | blasting Boring Machine results in
engineering minimal disturbance to
slopes results the confined rock mass
in modest rock swrrounding a Lurmel
Blasting  [Good 0.77 mass damage, Good 0.94 Good 0.90-0.94
with Regular 5 particularly if Where squeezing  [With 0 blasting blasting
result: Open 0.75  blasting controlled problems result invert
discontinuities blasting is in significant
used. However, lloor heave,
Dislodged 0.72 stress reliel disturbance can
blocks resulls in some | Poor 1.0 be severe unless
disturbance blasting a lemporary No 0.5
Fractured 0.67 invert is placed inverl
intact rock
Loor 8 Very large open pit mine 1.0 Very poor quality blasting 0.8 Poor 0.80 Poor 0.90-0.80
Crushed intact ~ 0.62  blasting slopes sufler significant in a hard rock tunnel blasting blasting
rock disturbance due to heavy results in severe local

production blasting and
also due 10 stress reliel
[rom overburden removal
(production blasting)

damage, extending 2 or
3 m, in the surrounding
rock mass

Notes: SSPC, MRMR and MBR factors range from 1.00 for negligible damage to 0.62 respectively 0.80 for maximum damage, FRHI is
expressed as point rating from -1 for no damage to 8 for maximum damage, GSI disturbance factor ranges from 0 for undisturbed to 1.0 for
maximum disturbance. (1) Care should be taken that discontinuities due to stress relief are not considered excavation damage. (2) This value
is based on hammer sizes up to 5 m length with a diameter of 0.2 m. (3) The description of D is referenced with example photographs of
excavation damage. Data from: (a) Hack et al. (2003) (b) Singh (2004) (c) Rocscience (2011) & Hoek and Brown (2018) (d) Laubscher and
Jakubec (2001) (e) Cummings et al. (1984).



Published in: Hack, H.R.G.K., 2020. Weathering, erosion and susceptibility to weathering. 14
In: Kanji, M., He, M., Ribeira E Sousa, L. (Eds), Soft Rock Mechanics and Engineering, 1 ed, Ch. 11. Springer Nature
Switzerland AG, Cham, Switzerland. ISBN: 9783030294779. DOI: 10.1007/978303029477-9_11. pp. 291-333.

4.4 Nuclear radiation effects

Few research is done on the influence of nuclear radiation on groundmasses on Earth. In facilities for long-
term storage of radioactive nuclear waste, degradation of the surrounding groundmass, brines, and groundwater
is a subject of limited research (Lainé et al. 2017; Lumpkin et al. 2014; Soppe and Prij 1994). Changes of atoms
and minerals under influence of radiation is also occurring in natural nuclear reactions (Oklo reactor; Meshik
2009; Bracke et al. 2001). Weathering rates due to nuclear radiation are likely very low compared to the rates
under other influences, but may be of importance for stability of rooms, tunnels and shafts guaranteeing access to
underground radioactive-waste repositories over very long timespans of tens of thousands of years.

4.5 Local environment and engineering influence

Weathering is strongly dependent on local conditions, such as surface run-off water, snow and ice, vegetation
and animals, chemicals in groundwater, salt-containing water and air, and man-made action. Water run-off over
and through the near surface of an exposure may erode weathered surface material and expose new fresh ground
to the environment progressing weathering of the fresh ground. Surface run-off water will have a larger influence
on a slope in a groundmass with a small block size than with a larger block size because smaller blocks are more
easily flushed away by run-off water. Steeper slopes are less affected than less steep slopes because the water runs
over faster and water less easily penetrates the groundmass. Snow and ice may block seepage from discontinuities
where discontinuities are outcropping at an exposure, which may lead to water pressures in the pores and
discontinuities, causing intact material to break, existing discontinuities to widen, and incipient discontinuities to
become mechanical. In situ in the groundmass, frozen water that expands because ice has a larger volume than
water, may cause the same changes.

Roots of trees and other vegetation may grow into the ground and discontinuities resulting in fractures in intact
ground, changing incipient into mechanical discontinuities, root wedging that dislodges blocks, opening of
discontinuities, and subsequently access for (more) water and air and thus more and faster weathering. Vegetation
is normally not present in underground excavations; however, small plants may start growing in lighted tunnels.
Actions by other living species such as fungus, bacteria, and larger animals as worms and other burying animals,
may influence weathering in surface but also in underground excavations by for example, making burrows that
allow water and air to penetrate the groundmass more easily. Vegetation and animals may also excrete chemicals
that attack the ground material causing degradation.

Ground and surface water may be polluted such as water seeping from sewages, landfills, waste dumps, ore
mines and tailings, or be polluted with fertilizer. Natural groundwater in some grounds may also be aggressive,
for example, acid water corroding the tunnels of the London Underground (Rainey and Rosenbaum 1989) or water
around the tunnel for the Niagara Tunnel project, Canada (Hughes et al. 2007). Air pollution has a negative effect
on all ground, and also on natural and non-natural construction and building materials by reactions between the
minerals in the ground or construction materials and the chemicals in the polluted air (e.g. ‘acid rain’) (Doehne
and Price 2010). This causes chemical weathering but may also cause physical weathering due to precipitation
and crystallization in pores and discontinuities of chemicals from polluted air or newly-formed chemicals.

Salt-water and salt containing vapor may penetrate the groundmass and discontinuities (Cabria 2015; Wellman
and Wilson 1965; Mottershead 1989; Rodriguez-Navarro et al. 1999; Ruiz-Agudo et al. 2007). The salt may
directly react with ground material and cause degradation of the ground material, or salt may precipitate in pores
and discontinuities and expansion of salt crystals causes breaking of intact ground, widen existing discontinuities,
and change incipient into mechanical discontinuities. The salt may originate from salty capillary groundwater,
polluted air, or seawater spray. Salt in the atmosphere from seawater spray may be present up to many tens of
kilometers from the coast.

5 Description of weathered groundmasses

Weathering is gradational and to be able to use gradational features of weathering in engineering normally the
weathered groundmass is characterized and divided into different layers with similar weathering characteristics
defined by a range of characteristics or parameters significant for engineering applications (Dearman 1995). Note
that this only describes the weathering as is at the time of characterization and does not include the future changes
due to weathering. Future weathering is discussed in section 7.



Published in: Hack, H.R.G.K., 2020. Weathering, erosion and susceptibility to weathering. 15
In: Kanji, M., He, M., Ribeira E Sousa, L. (Eds), Soft Rock Mechanics and Engineering, 1 ed, Ch. 11. Springer Nature
Switzerland AG, Cham, Switzerland. ISBN: 9783030294779. DOI: 10.1007/978303029477-9_11. pp. 291-333.

5.1 Weathering features important in engineering

Each type of groundmass weathering has a specific impact on engineering. Uniformly weathered layers
following, for example, Fig. 5, give the least difficulties with forecasting the geotechnical properties in the
subsurface, while properties of irregular layers with different states of weathering or layers resulting from different
susceptibilities to weathering are far more difficult to forecast in detail. Often the division in states of weathering
for engineering purposes is based on the following characteristics (Price 1995):

o Effectively unweathered. Weathering has not influenced the groundmass to an extent that weathering must be
considered in design of engineering works.

e Significantly weathered. The design should incorporate some limited influence of weathering on engineering
properties, for example, weathering of discontinuities may have reduced shear strength of discontinuities.

e Severely weathered. Weathering must be considered otherwise the engineering applications will not be stable
or functional.

e For rock masses: sufficient of the rock material in a rock mass is decayed to the geotechnical condition of a
soil to make the mass behave as a soil-type mass geotechnically.

5.2 Standard schemes for weathering description

The above is used to define standard descriptions for the division of a weathered groundmass in different layers
with different states of weathering, and thus with different impact on engineering design. Many standard schemes
have been proposed, some fairly simple, such as in Table 2, or following more elaborate schemes as in Fig. 10. A
simple scheme is easy to use but may not always be suitable. The more elaborate schemes apply better to various
groundmasses and materials, but may be (too) complex and may be misunderstood (Price et al. 2009).

Table 2 Weathering description and characterization of intact rock and rock mass (ISO 14689-1:2017)

INTACT ROCK ROCK MASS
Term Description Term Description Grade
Fresh No visible sign of weathering/alteration Fresh No visible sign of rock material weathering; 0
of the rock material. perhaps slight discoloration on major
discontinuity surfaces.
Discolored The color of the original fresh rock
material is changed and is evidence of Slightly Discoloration indicates weathering of rock 1
weathering/alteration. The degree of weathered  material and discontinuity surfaces.
change from the original color should be
indicated. If the color change is Moderately  Less than half of the rock material is 2
confined to particular mineral weathered  decomposed or disintegrated. Fresh or
constituents, this should be mentioned. discolored rock is present either as a

continuous framework or as core stones.
Disintegrated  The rock material is broken up by

physical weathering, so that bonding Highly More than half of the rock material is 3
between grains is lost and the rock is weathered  decomposed or disintegrated. Fresh or
weathered/altered towards the condition discolored rock is present either as a

of a soil in which the original material discontinuous framework or as core stones.

fabric is still intact. The rock material is

friable but the mineral grains are not Completely  All rock material is decomposed and/or 4
decomposed. weathered  disintegrated to soil. The original mass

structure is still largely intact.
Decomposed  The rock material is weathered by the

chemical alteration of the mineral grains Residual All rock material is converted to soil. The 5
to the condition of a soil in which the soil mass structure and material fabric are

original material fabric is still intact; destroyed. There is a large change in

some or all of the mineral grains are volume, but the soil has not been

decomposed. significantly transported.
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APPROACH 2 APPROACH 3
; ; ~ heterogeneous masses
rock is moderately strong or stronger in fresh state (mixture of relatively strong and weak material)
UNIFORM MATERIALS HETEROGENEOUS MASSES
grade classifier ~description zone description® typical characteristics
- 100% Behaves as rock; apply rock mechanics
! fresh  Unchanged from original state 1 grades I-lll  principles to mass assessment and design
g:aggzylll Weak materials along discontinuities;
1 slightly  gjight discoloration: slight weakenin 2 shear strength stiffness and permeability
weathered 9 9 J < 1O‘I’<o/_g\1/rlades affected
moderately Considerably weakened, penetrative a0 d 90;)/7” Rock framework still locked and controls
1] discoloration; large pieces cannot be 3 graaes |- strength and stiffness; matrix controls
weathered oo by hand 10 - 50%
[OKSIEDYRIST grades V-V permeability
. Large pieces can be broken by hand; does 30 - 50% : .
v hlg:ﬂy d not readily disintegrate (slake) when 4 grades I-lll ,F:,Z?ﬁxfr:mgﬁzr?gnm?ou(}ﬁzttgos.f{fo'}gm'
weathered gy sample immersed in water 50 - 70% : g pr
grades IV-VI stiffness and permeability
: : <30%  \Weak grades will control behavi
v completely Considerably weakened; slakes in water; grades I-Il eak grades will control behavior.
weathered original texture apparent 5] 70 - 100% .Cores.tong)s may be s:gn|f|qant for
grades IV-VI investigation and construction
Vi residual :oil‘derlivetd bty in-situ v_ve_atrﬁrintg but 6 100% May behave as soil although relict
soil azél?gbrci’g LClaing OlIgInteXiic grades IV-V| fabric may still be significant
APPROACH 4
(moderately weak or weaker in fresh state) APPROACH 1
CLASSIFICATION INCORPORATES MATERIAL e
AND MASS FEATURES -
class _classifier _description e N0 [EE
A unweathered Original strength, color, fracture spacing ‘
partially Slightly reduced strength, slightly closer l l
B fracture spacing, weathering penetrating =
weathered i from fractures, brown oxidation ’ ARTROACH 2‘ ‘ ARPROACH 4 ‘ e
c distinctly ~ Further weakened, much closer fracture sf;fefgg;; \g:f;e";vvf;::e;?‘ir
Weathered Spacmg: gray reductlon J Is a zonal classification use rock mass :sa:(tae:glsir:ng;if:anaesrznsdu;he
Greatly weakened, mottled, Iitho-relicts appropriate and is NO : ion if particular effect of arid climates
D i in matrix becoming weakened and | information avalable? sppippriele
structured jisordered, bedding disturbed " 1
Matrix with occasional altered random or APPROACH 3
£ residual or apparent litho-relicts, bedding destroyed. [ dsa table
reworked Classed as reworked when foreign inclusions
are present as a result of transportation

Fig. 10 Description state of weathering (BS 5930:1999)

6 Quantitative influence of weathering on geotechnical properties

Table 3 shows examples of properties of intact ground and groundmasses indicating how ground properties
change with increasing grade of weathering. The table shows the considerable changes in material properties as a
consequence of weathering.
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Table 3 Examples of differences in engineering properties due to weathering

Grade " In-situ Porosity Permeability  Unconfined Unconfined  Static Seismic velocity Schmidt Rock mass Rock mass
unit compressive  tensile deformation  Longitudinal ~ Shear hammer friction cohesion
weight strength strength modulus wave wave number
kN/m3 % cm/s MPa MPa GPa mis mis - degrees kPa

Dolorite @

0-1 28.0 04 170 45 16.5 4,500 64

2 276 0.5 122 27 33 3,250 53

3 27.0 1 71 13 2,150 45

4 26.2 32 41 7 1,600 25

Granodiorite

0 26.3 1.5 138 33 4,359 2,567 47 17

1 25.9 4.6 79 15 2,057 1,693 46 16

2 254 1.9 41 10 1,693 1,111 38 14

3 24.0 57 32 4.9 973 17 8

4 19.8 24 0.1 0.008 6 3

5 14.7 44

Basalt©

0 26.1@ 2 1x10? 110 9 58

1

2 25.7@ 4 1x10% 75 7 48

3 23.0@ 10 5x10% 30 3 23

4 216@ 36 1x10° ) 10

5 16.5@ 45 1x10%

Sandstone @

0 25.0 % 101

1 26.3© 58

2 23.6 21

3 23.81 8

Gneiss & schist @

4 16.8 53 3x10° 0.36 32 5

5 16.3 54 1x10% 0.29 21 22

Notes: (1) Grade follows the classification in Table 2 for rock masses. (2) Dry density (3) Values may be influenced by precipitation of iron
in particular weathering grades. (4) Values for two years after excavation. Data: (a) Dolerite at Stirling Castle, UK (Price 2000) (b) Granodiorite
data from Krank (1980), except rock mass friction and cohesion. Granodiorite rock mass friction and cohesion from slope back analysis in
Granodiorite in the Falset area, Spain, from Hack (1998) (c) Tugrul (2004) (d) Tating et al. (2013) (e) Tran et al. (2019).

Quantification of the grades of weathering in terms of the reduction of geotechnical properties of rock masses
is shown in Fig. 11. The graph is based on data from various authors and from different rock types and rock
masses. The influence of weathering is quite clear in the decrease of intact rock strength over the complete
sequence from fresh to completely weathered rock masses and for the decrease in discontinuity spacing and
condition of discontinuities (determining the shear strength) down to moderately weathered rock masses. The
influence of weathering on spacing and condition of discontinuities de-accelerate or invert from moderately to
highly weathered which may be attributed to cementation processes in discontinuities often happening in higher
grades of weathering.
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Notes: Data averaged after normalization with values for fresh equal 100 %. Standard deviation around 15 to 23 %p (percent point) for slightly
through highly weathered; data for completely weathered are few and average not reliable. Weathering grade refers to rock mass weathering
following Table 2. ‘Spacing of discontinuities’ based on rock block size and form following Taylor (1980) in Hack et al. (2003) or on
discontinuity spacing. ‘Condition of discontinuity’ (determining the shear strength) following sliding criterion (Hack et al. 2003) or friction
and cohesion properties for discontinuities. Data: A: 1,5,6,7 & 10;B:2,3,4 & 5; C: 5,8 & 9. (1) Begonha and Sequeira Braga (2002) (2)
Ehlen (1999) (3) Ehlen (2002) (4) GCO (1990) (5) Hack and Price (1997) (6) Marques et al. (2010) (7) Pickles (2005) (8) Reifimiiller (1997)
(9) Snee (2008) (10) Tugrul (2004).

Fig. 11 Influence of weathering on intact rock and rock mass properties
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Quantification of grades of weathering in terms of the reduction of geotechnical properties of a groundmass
have been done by various authors (Hack and Price 1997; Bieniawski 1989). Table 4 gives an example in which
the factors are based on the weathering at surface of a wide range of rock masses such as limestone, sandstone,
shale, granodiorite, and slate in the Mediterranean climate of northeast Spain. The factors in the table are
multiplied with the geotechnical property to give the weathered property in a particular grade of weathering.

Table 4 Adjustment factors (WE) for different geotechnical properties of a rock mass (Hack and Price 1997; Hack
et al. 2003)

Grade " Description  Intact Overall Qverall Rock mass Rock mass
rock spacing of  condition friction cohesion
strength disconti- of disconti-

nuities nuities

0 Fresh 1.00 1.00 1.00 1.00 1.00

1 Slightly 0.88 0.93 1.00 0.95 0.96

2 Moderately  0.70 0.89 0.99 0.90 0.91

3 Highly 0.35 0.63 0.89 0.59 0.64

4@ Completely  0.02 0.55 0.80 0.31 0.38

Notes: (1) Grade follows the classification in Table 2 for rock masses. (2) ‘Completely weathered’ is assessed in granodiorite only.

7 Susceptibility to weathering

To guarantee the safe and sound design for the whole lifetime of an engineering structure it is important to
know what the geotechnical properties of the groundmass are going to be at the end of the lifetime, i.e. ‘what is
the susceptibility to weathering of the groundmass?’ Comparing the condition of the groundmass in similar
exposures but with different excavation dates is the most common method to establish susceptibility to weathering.
Preferably the exposures should be on short distance from each other and from the construction site. The
weathering processes should be the same and be the same as those going to act around and influence the future
engineering structure, hence, geomorphological and environmental setting should be the same.

Published quantitative data on future changes in properties due to weathering and the rate of weathering for
engineering purposes are only sparsely known. Laboratory studies are not very reliable for forecasting in-situ
weathering rates as these depend on the local circumstances and environment, and the tests are limited in
groundmass volume and time (section 9.1). How groundmasses deteriorate over long (geological) periods over
large areas (landscape development) is reasonably well investigated by geological, geomorphological, denudation,
and soil forming studies (section 7.1). The influence of weathering on intact rock used as building material or
gravestones has been extensively studied in-situ and rates for loss of material due to weathering have been
established by many researchers (‘fomb- or gravestone geology’, section 7.2). However, few studies are published
for 50 to 100-year time spans over areas from tens up to a couple of hundreds of meters, the typical engineering
lifetime and size (Fig. 12). This is understandable, as in-situ testing is virtually impossible while local variations
and inhomogeneity make geological methodologies complicated and unreliable. Some rock mass classification
systems have factors that quantitatively assess the future weathering (section 7.3) and some recent studies to
weathering rates are presented in section 7.4.
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Fig. 12 Research to weathering and erosion as function of space and time (modified from Huisman 2006)

7.1 Loss of material, denudation studies over long (geological) timespans

Loss of material due to weathering resulting in denudation over relatively large areas and long (geological)
timespans is extensively studied as it may reveal data over past climates and CO, presence in the atmosphere,
hydrosphere, and cryosphere (Ahnert 1994; Lebedeva et al. 2010). Denudation is mostly established by measuring
the differences in quantities of chemical elements in rivers and streams flowing into and out of an area. If more
leaves than flows into the area, the differences are a measure for the loss of material. Denudation over large areas
and large timespans is dependent on active tectonic uplift and mountain forming, vegetation, and influences by
man, such as land use and (de-) forestation. It should be realized that the climate and environment may have

undergone major changes during the periods over which the denudation rates are established. Table 5 lists various
denudation rates for different lithologies under different present-day climates.

Table 5 Examples of denudation rates

Lithology Area Denudation rate"”’  Present-day climate ?
mm/yr
Granitic @ Chile 0.02-0.07 Bsk/Csa Semi-arid, Mediterranean
Granitic Boulder, USA 0.022 Dfe/Dfd Boreal, mountain
Granulites, migmatites, gneisses, Ambato range, Sierras 0.038-0.12 Bsk/Bsh/ Arid/warm temperate
schists, phyllites, granitoids, and Pampeanas, Argentina Cwb
alluvial beds ©
Mica schist, phyllite ¥ Sierra de las Estancias, 0.034 Bsk Semi-arid, mountain
Betic Cordillera, Spain
Mica schist, phyllite ! Sierra de los Filabres, 0.054 CsalCsb/ Humid to semi-arid,
Betic Cordillera, Spain Bsk mountain
Mica schist @ Sierra Cabrera, Betic 0.164 Bsk/Bwh Semi-arid, mountain
Cordillera, Spain
Granitic, carbonate and quartz-bearing  Ganges, Northern 0.5 Cwa/Cwb Humid; warm temperate,
metasedimentary rocks Himalayas mountain
Quaternary sediments © Ganges, main stem 0.17 Cwa Humid, warm temperate
Quaternary sediments © Ganges, southern 0.03 Cwa/Aw Humid, warm
tributaries temperate/tropical
Basalt® Parana, Brazil 0.006 Csb Humid, warm temperate

Notes: (1) Rates based on '’Be cosmogenic radionuclide (CRN) analysis, if reported. (2) Climate according Kottek and Rubel (2017). Data:

(a) Vazquez et al. (2016) (b) Dethier and Lazarus (2006) (c) Nobile et al. (2017) (d) Schoonejans et al. (2016); Vanacker et al. (2014) (e)
Rahaman et al. (2017) (f) Da Conceigao et al. (2015).

7.2 Loss of material, tombstone geology studies over short timespans

Loss of material of various intact rock types over short timespans and tested on relatively small samples is
done mainly on building and construction stones (Fookes et al. 1988; Selby 1993; Doehne and Price 2010; Morgan
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2016; Winkler 1986). The amount of intact rock material lost under influence of weathering in a temperate climate
on a forested slope in Japan came to 1.3 %/yr for tuff material, 0.1 for limestone, 0.025 for crystalline schist, and
0.01 %/yr for granite. The samples were exposed directly at the Earth surface (Matsukura and Hirose 2000).
Trudgill et al. (2001) measured the loss of material of exterior building stones of St Paul’s Cathedral in London
which consist mainly out of limestone, over a period of 20 years and measured a reduction of 0.01 to 0.07 mm/yr.
The results are influenced by air pollution (i.e. SO,) in London that decreased over the measuring period.
Tombstone geology has also been used to establish changes in environment, climate, and air pollution (Meierding
1993). Feddema and Meierding (1987) report values of 0.001 to 0.067 mm/yr for carbonate building stones in
areas with varying quantities of air pollution, and Meierding (1993) established weathering rates of over 0.03
mm/yr for carbonate rocks in heavily air-polluted areas in the USA. The striking similarity in order of magnitude
between rates for loss of material of small building stones over short timespans and loss of material over large
areas over long timespans is remarkable (section 7.1).

7.3 Laubscher’s geotechnical susceptibility to weathering factors

Weathering rates for rock masses in underground excavations and its influence on rock mass geotechnical
properties and classification ratings are shown in Table 6 (Laubscher and Jakubec 2001). The percentages in Table
6 are multiplication factors which are multiplied with the rock mass ratings calculated following Laubscher and
Jakubec (2001), e.g. the rock mass rating is reduced to 54 % of the original rating without susceptibility to
weathering if a rock mass is expected to weather from fresh to completely weathered within a half year, whereas
it is reduced to 62 % if that happens in more than 4 years. It should be noted that conditions in underground
excavations are considerably different and in general with less variation than the conditions influencing
weathering at surface.

Table 6 Adjustment values for susceptibility to weathering for classification of stability of underground
excavations in mining (modified from Laubscher and Jakubec 2001)

Expected Description Percentage adjustment for a rock mass
grade of future weathered from fresh to indicated grade; after:
weathering ("

Yoyear 1year 2year 3Jyear =4year
%

0 Fresh 100 100 100 100 100
1 Slightly 88 90 92 94 96
2 Moderately 82 84 86 88 90
3 Highly 70 72 74 76 78
4 Completely 54 56 58 60 62
5 Residual soail 30 32 34 36 38

Notes: The adjustment is applied to the rating for the stability of the underground excavation of Laubscher’s rock mass classification to predict
the future stability. (1) The grades of rock mass weathering follow Table 2 for rock masses.

7.4 Geotechnical rate of weathering

The influence of weathering on geotechnical properties over timespans from 50 to 100 years is thought to be
expressed by a logarithmic decrease of properties with time (Huisman 2006; Tating et al. 2013; Ruxton 1968;
Selby 1980; Colman 1981; Hachinohe et al. 2000; Utili and Crosta 2011), for example (Huisman 2006):

propertyt = propertyinitial - Rproperty 10g10(1 + t) (1)

in which property, is the value of a particular geotechnical property at time ¢, propertyinuia is the value of the
property initially at time of exposure, i.e. at ¢ = 0, Ryoperry 1 the ‘weathering rate’ which is property, material, and
environment dependent, and ¢ is the time in years (Fig. 13). This relation describes the change in time of a property
over the full weathering range from fresh groundmass to residual soil. Huisman (2006) incorporated the WE
(weathering) factors of Table 4 in eq. 1, and established the weathering rates (Ryg) for different groundmasses in
the Mediterranean climate of Spain (Table 7). Table 7 lists also the dynamic weathering rates and total decrease
of property values for various groundmasses after 30 years of exposure in various climates. Table 7 clearly shows
the large influence of different climates on the rate of weathering of geotechnical properties and the influence of
differences in bedding spacing and presence of soluble materials.
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Fig. 13 Property vs exposure time (modified from Huisman 2006)

Table 7 Weathering rate examples

Lithology " Property @ Initial R ™ Dynamic Decrease in Indicative  Climate
value weathering 30 years after  timespan
rate (at 30 exposure (as
years after percentage

exposure as  from initial
percentage value) #

of initial
value)
1/log [yr]  %pt.fyr % yr
Clay-containing limestone (bedding spacing < 0.1 m)®  WE 1 0.052 -0.073 78 40
Clay-containing limestone (bedding spacing > 0.1 m)®  WE 1 0.042 -0.059 6.3 40
Limestone (medium-thick bedded) WE 1 0.067 -0.094 10 40| Csa Mediter-
Calcareous shale (clay-/mudstone) © WE 1 0.169 024 25 40 faneary
Gypsum-cemented siltstone WE 1 0.325 -0.46 48 40
Gypsum (beds consisting of gypsum) @ WE 1 0.133 -0.19 20 40
Sandstone ' IRS 105 MPa 34 -0.45 48 30 Am
Gneiss/schist 9 Index prop ™ 115 35 35 Aw Tropical
Gneiss/schist ! Strength -1.14 34 35 Aw
Tuffaceous sandstone ' Rs 863 N/mm -0.34 60 3,000
_ Csb Tempe-

Mudstone Rs 235 N/mm -0.17 21 3,000 rate

Notes: (1) Data (a-c) from cut slopes, (d) from natural terraces. (2) WE: weathering factor from SSPC (Hack et al. 2003); /RS: Intact Rock
Strength, Rso: Penetration strength based on needle penetration hardness. (3) Rye: (Weathering rate) follows eq. 1. (4) Dynamic weathering
rate and total decrease follow logarithmic relation for data from (a,b), linear relation for (c), and exponential relation for (d). (5) Climate
according Kottek and Rubel (2017). (6) Completely weathered material and residual soil only. (7) Various index properties of soil, such as
Unit Weight, porosity, and saturated conductivity. (8) Various shear and unconfined strength properties. Data: (a) Huisman et al. (2006) (b)
Tating et al. (2013) (c) Tran et al. (2019) (d) Hachinohe et al. (2000).

8 ‘Hard’ layers and crusts

Weathering normally weakens the groundmass, but may also cause forming of various ‘hard’ layers that are
harder and stronger than the surrounding groundmass (Winkler 2014; Bland and Rolls 1998). Examples are
‘duricrust’, ‘hardpan’, ‘calcrete’, ‘laterite’, and ‘caprock’® in dredging (Chesworth 2008). In geotechnical work
these are often simply identified by ‘hard layer’, ‘cemented horizon’ or ‘crust’. Hard layer development is mostly
due to precipitation of in groundwater-dissolved minerals, such as salts, carbonates, and iron compounds.
Chemical reactions between minerals in different groundwater flows, chemical reactions between in groundwater-
dissolved minerals and ground materials, and evaporation of water cause precipitation. Solution of minerals due
to weathering at another location may be the source of the in groundwater-dissolved minerals, but these may also
stem from other sources, such as vegetation or influence of humans, e.g. fertilizer. Hard layer development may
be at surface due to, for example, evaporating groundwater, but can also be below surface, or at or below the sea
floor. Existence and location of hard layers are often difficult to predict. The processes involved depend on many
local and regional variables that may change over short distance both horizontally and vertically leading to often

Note that caprock has multiple meanings: a ‘caprock’in geomorphology is a mostly stronger layer that is more resistant to weathering
and erosion overlying weaker and less resistant layers. ‘Caprock’ may be used also for impermeable layers overlying a salt body
protecting the salt from solution by rain and groundwater, and in the petroleum industry ‘caprock’ in used for an impermeable layer
capping an oil or gas reservoir.
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highly irregular hard layers (Khalifa et al. 2009; Vervoort and De Wit 1997). Hard layers may also occur at
locations where these would not be formed at present but are a relic from the (geological) past. Hard layers are
common in arid and tropical environments but occur also in Mediterranean and temperate climates.

Most common hard layers are the following. A ‘duricrust’ is a strong and hard layer at or near the surface
formed by the accumulation of precipitated minerals by evaporating capillary or seepage water. The thickness is
normally a couple of centimeters. A ‘hardpan’ is similar but may also refer to an impermeable, strong layer in a
soil mass just below the surface. The soil particles are bond by silica or iron compounds (iron oxides) with calcium
carbonate. Hardpan is used also for hard layers formed due to compaction by heavy traffic or cementation by
chemicals originating from polluted groundwater. Hard surfaces for temporary roads in arid climates are made in
the same way by compaction of the surface layer with simultaneously spraying with salt water. The water
evaporates and the precipitated salt cements the soil particles. The intact rock strength of duricrusts and hardpans
ranges from material that is easy to crumble by hand to strong rock. ‘Laterites’ are usually residual soils in a
tropical environment cemented by iron compounds (oxides and hydroxides) (Blight 1989) and the strength may
also range from easy to crumble to strong rock (see also section 1.2). In dredging the term ‘caprock’ is used for
stronger cemented layers with intact rock strength values of more than 10 to 20 MPa in a weaker groundmass.
Caprocks are generally layers of conglomerate, breccia, or sand cemented by calcareous, siliceous, or ferruginous
material, normally between 10 and 50 cm thick, and may occur as multiple closely spaced layers at or near the sea
floor (Verhoef 1997). ‘Calcretes’ are comparable to caprocks formed with calcareous cement but are formed on-
shore near surface (Alonso-Zarza and Wright 2010). Calcretes may be meters thick, irregular, laterally extend over
hundreds of meters, and be very strong with intact rock strength values exceeding 100 MPa.

9 Tests to establish the state of weathering and susceptibility to
weathering

The state of weathering as is can be estimated in laboratory and in-situ field tests by comparing test values for
the weathered ground material or groundmass to the same but unweathered material or mass. This may give an
indication how weathering has influenced the material or mass. Susceptibility to weathering can be established to
a certain extent in laboratory tests, however, the long timespan in reality has to be simulated within a timespan
suitable for laboratory testing. For example, freeze-thaw tests with cycling between freezing and thawing
conditions within days to simulate seasons. Chemical and physical processes in the ground such as diffusion, may
be accelerated in time by using centrifuges. Sample size is limited and effectively restricted to testing of disturbed
intact ground material only. Whether the samples and simulated conditions in laboratory tests are representative
for reality is often questionable. There are no tests available for determining the susceptibility to weathering of
groundmasses in-situ over periods up to 50 to 100 years. This is obvious considering the necessary dimensions of
the volume to be tested and the timespan over which tests have to be executed.

9.1 Laboratory testing

Laboratory ultrasonic velocity measurements may give an idea about the state of weathering as is of a piece of
intact ground by referencing to the measured ultrasonic velocities in a piece of the same but unweathered ground
(Chawre 2018; ASTM D2845-08 2008). Higher velocities indicate less weathering and vice versa. It should be
noted that there is no direct relation between the state of weathering and ultrasonic velocity. Also, the ultrasonic
velocity does not give information on the susceptibility to weathering.

Climate chambers are used to simulate the influence on ground of a changing environment, for example, day
— night temperatures, changing seasons, freezing and thawing, and regular wetting and drying due to rainfall
(Barros De Oliveira Frasca and Yamamoto 2006; ASTM D5313/D5313M-12 2013; ASTM D5312/D5312M-12
2013). These may be combined with centrifuges (Tristancho et al. 2012). Humidity cells are used to simulate
weathering of solids for among other weathering of and chemical changes in mine waste material (ASTM D5744-
18 2018). The influence of salt, for example, from sea spray, can be tested by regularly spraying samples with
water with dissolved salts (ASTM D5240/D5240M-12¢e1 2013). Crystallization tests determine the resistance of
intact ground to crystallization processes of, for example, salt in pores in rock (BS EN 12370:1999 1999).

Slaking tests are often used to indicate the susceptibility to weathering of intact ground material, for example,
the slake durability and the Los Angeles abrasion tests; the later mostly used for determining the durability of
toughness and abrasion resistance of aggregate for road pavement (Ulusay and Hudson 2007; Dick and Shakoor
1995; Hack 1998; Hack and Huisman 2002; Nicholson 2000; ASTM D4644-16 2016; ASTM C131/C131M-14
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2014; Franklin and Chandra 1972; Nickmann et al. 2006). The tests submerge material in water in a rotating drum
and the volume of material that falls apart in a particular timespan is a measure for the durability.

Dropping a block of rock from a certain height to investigate how the intact rock fractures under impact ("Drop
Test', CIRIA 2007), and cyclic stressing-destressing tests (Lagasse et al. 2006) may be useful for establishing
intact rock integrity. These tests may indicate indirectly the ease with which intact rock fractures due to weathering
or how easy incipient discontinuities change into mechanical discontinuities.

9.2 In-situ testing

Indirectly an indication on the state of weathering of a groundmass may be derived from seismic wave
characteristics such as wave velocity or wave amplitude (Table 3). Measured seismic wave velocities are higher
if the wave travels through fresh ground and slower through weathered masses, partially because the measured
waves may have travelled around weathered parts of the mass and thus have a longer ray path. The wave amplitude
is a function of among others, the absorption of energy in the ground which is higher in weathered than fresh
unweathered ground. The wave velocity and amplitude should be correlated to states of weathering established
on borehole cores. Seismic waves do not directly give information on the susceptibility to weathering but may
give depth of weathering and the thickness of weathered layers. The depth of weathering may in turn give an idea
on the rate of weathering as larger depth of weathering in the subsurface often also implies a higher rate.

Other geophysical methods that indirectly give an idea about the state of and susceptibility to weathering are
resistivity and electro-magnetic measurements as these react to the presence of clay that in many grounds will be
more present in weathered than unweathered parts of the ground.

10 Conclusion

Weathering is a process that governs many engineering applications on and in the Earth. It often transforms
originally sound ground into soft ground. Quantities of weathered material do not need to be large as small
volumes of ground weathered in a brief time span drastically can change geotechnical properties. Weathering is
the reason for many constructions and other engineering applications in which ground is used, to become a
disaster. Tests to determine the susceptibility to weathering representative for realistic volumes of groundmass do
not exist and published data on time-weathering-degradation relations for groundmasses are few. Therefore,
forecasting the influence of weathering on geotechnical properties has to be done by the design engineer based on
experience and a-priori knowledge without much or no hard data at all. Many engineers do not realize the
importance of weathering or are hesitant in taking decisions based on own expertise and a-priori knowledge alone.
They may assess the state of weathering as is, may mention the existence of future or susceptibility to weathering
in general terms in the reporting, but do nothing to implement the consequences in design and construction.
Fortunately, the safety factor used in civil engineering instigates excess in design to accommodate for uncertainties
in the construction. One of these is ground and future behavior of ground, and therefore not all constructions fail
even if susceptibility to weathering is not but should have been taken into account.
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