Chapter 5 )
Urban Soil Physics ST

Andrew W. Rate

Abstract Urban soils commonly have physical properties which reflect human
activity in cities and which affect the functioning of urban soils and the ecosystem
services they provide. This chapter starts with presenting some of the physical con-
straints present in urban soils, such as surface sealing, artificial layering, loss of
structure, increased density, and the common presence of coarse fragments. Soil
strength is addressed in the context of construction and also soil erosion and slope
failure. We also cover the urban heat island phenomenon as it applies to soils in
urban environments. The consequences of the sometimes adverse physical proper-
ties of urban soils are examined in the context of water-sensitive urban design, soil
heating and its consequences, the ‘urban karst’ effect, plant growth, and bearing
capacities for buildings and other infrastructure. The final sections cover methods
for soil physical measurement in the context of urban environments, starting with
standard soil physical measurement techniques and progressing to geophysical and
remote sensing methods.
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What you could learn from this chapter:

e The various physical constraints which exist in many urban soils.

e How physical constraints affect the delivery of ecosystem services by urban soils
and how the same constraints affect suitability of land for engineered structures.

e The range of soil physical parameters that are important for understanding and
assessing urban soil environments. An overview of field, laboratory, geophysical,
and remotely sensed methods for obtaining soil physical data.

5.1 Introduction

In Chap. 4, we covered some of the fundamental physical properties and processes
in soils, as they relate to the ecosystem services provided by soils in general. This
chapter will discuss common physical constraints on urban soil functions, given the
particular physical properties of urban soils introduced in Chaps. 1 and 4. We should
remember that urban soils are highly variable, and the physical properties are
affected by factors such as the original soil properties and parent material(s), any
anthropogenic material added to the soil, soil disturbance, the time elapsed since
human modification, climate, and land use.


https://doi.org/10.1007/978-3-030-87316-5_4
https://doi.org/10.1007/978-3-030-87316-5_1
https://doi.org/10.1007/978-3-030-87316-5_4
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5.2 Physical Constraints Observed in Urban Soils

5.2.1 Surface Sealing and Subsoil Layering

The existence of high proportions of land having impervious surfaces, sealed as a
result of buildings or paving on the soil surface, is one of the most influential physi-
cal features of urban soils (Paul and Meyer 2001; Wong et al. 2012). Since impervi-
ous surfaces may cover 60% of cities (Zhu and Carreiro 2004) and may locally be
100% of the land surface (Fletcher et al. 2004), then there are substantial implica-
tions for urban soil functioning and ecosystem services. A large proportion of
impervious surfaces reduces both shallow and deep infiltration (Fig. 5.1), which is
expected to result in lower soil water contents (Coutts et al. 2013) and greatly
increase run-off and potentially soil erosion.

A separate but related issue is that of artificial soil layering, which is common in
urban soils and is the practice of creating a soil profile with specific properties
designed to achieve a desired function. Some examples of artificially layered or
engineered soil profiles are those in green roofs (Morel et al. 2015) or putting greens
on golf courses (USGA 2018). Artificial soil layering may cause impeded water
flow and/or shallow perched water tables (Jim 1998b). Artificial soil layering may
involve abrupt changes in texture and/or density with depth, which will control the
downward and upward movement of water and solutes by formation of permeability
or capillary barriers (Li et al. 2013).

5.2.2  Soil Density and Porosity

The density of soil, measured as the dry bulk density, is commonly greater in urban
soils than in natural soils. Dry bulk density greater than 1.6 Mg/m? is generally
considered to be less suitable for ecosystem functioning, as root growth is restricted
(McKenzie et al. 2004). For example, Short et al. (1986a), in urban soils in
Washington DC (USA), measured mean soil densities of 1.61 Mg/m? in surface
soils and 1.74 Mg/m? in subsoils, with several values clearly exceeding the 1.6 Mg/
m? threshold (Table 5.1). Soil bulk density was higher in young urban residential
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Fig. 5.1 Simplified city-wide water balance at different proportions of impervious surface cover.
(Redrawn from USEPA 1993)
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Table 5.1 Bulk density and porosity measurements in urban soils

Dry bulk density
Soil depth Mg/m’) Porosity
City (cm) Mean Range | (vol. %)* References
Hong Kong 10-100 (range | 1.65 1.15- [ 18.5-57.0 | Jim (1998b)
of depths) 2.63
Washington DC, USA Clods from 1.61 1.25- |36.6 Short et al.
0cm 1.85 (1986b)
Clods from 1.74 1.40- 328
30 cm 2.03
Moscow, ID, USA, and | 0-15 - 1.39— |34.0-47.5* | Scharenbroch et al.
Pullman, WA, USA 1.75 (2005)

“Estimated by the authors, assuming a particle density of 2.65 Mg/m®

soils in two urban centres in the USA, with lower densities in older soils; the differ-
ences were attributed to pedogenesis (Scharenbroch et al. 2005) but potentially
related to confounding differences in texture. The decreased bulk density was not
reflected in any changed mean gravimetric soil water content. The porosity of soil is
inversely proportional to the bulk density, given similar density of solids (typically
ca. 2.6 Mg/m?, similar to many silicate minerals (Cresswell et al. 2002)). Urban
soils therefore often have relatively low porosity (e.g. some measurements of <20%
porosity in Table 5.1), which can affect not only root growth but the movement of
water, other liquids, and gases. In many instances, the high bulk density of urban
soils may be related to deliberate compaction of soil materials which underlie build-
ing or road construction.

5.2.3 Coarse Fragments and Artefacts

Many urban soils have large proportions of their volume occupied by coarse (>
2 mm) fragments of anthropogenic origin (as might be expected from the IUSS defi-
nitions of some Technosols in Chap. 2, which specify >20% coarse fragments of
human origin by volume). The presence of large, low-porosity solids in soils (such
as natural or anthropogenic stone) results in lower pore volume, as significant poros-
ity only exists between the finer grains. Coarse fragments include components of
urban refuse such as construction rubble and household waste. An example of a
Technosol with obvious artefact fragments is shown in Fig. 5.2(a); fragments may
also include ceramics and, more recently, plastics (El Khalil et al. 2016; Hulisz et al.
2018) (Table 5.2).


https://doi.org/10.1007/978-3-030-87316-5_2
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Fig. 5.2 Examples of urban soil profiles showing (a) the content of coarse fragments in an ‘urbic
Technosol’ (an urban soil with significant artefact content) and (b) surface sealing in an ‘ekranic
Technosol’ (an urban soil having hard material at the surface) (from Hulisz et al. 2018; used with
permission from Springer)

Table 5.2 Types of coarse fragments and artefacts found in urban soils

Study location

Coarse fragments and artefacts

References

Washington, DC, Brick, concrete, nails (iron), glass Short et al. (1986b)

USA

Hong Kong, China | Stones (building rubble, other foreign Jim (1998b)
substances)

Hong Kong, China | Stones (granitic fill, shells) Jim (1998a)

Moscow, Russia

Construction wastes, stones, brick debris,
cement, concrete, metallic materials, wood,
nutshells, leather

Alexandrovskaya and
Alexandrovskiy (2000)

Marrakech,
Morocco

Bones, fabrics, glass, metal, plastic, wood

El Khalil et al. (2016)

Torun and Zielona
Gora, Poland

Gravel, concrete, bricks, cinder, metals,
ceramics, plastic, bones, glass, charcoals

Hulisz et al. (2018)
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5.2.4 Soil Structure

Urban soils are typically poorly structured in their early stages of development. Soil
aggregation to form structural elements (peds) occurs progressively along with
other soil formation processes. Many urban soils are developed on soil materials
modified or created by human activity and so are relatively young, with minimal
change due to pedogenesis — including minimal development of soil structure (Jim
1998b; Chen et al. 2014). The development of soil structure is one of the mecha-
nisms that increases soil porosity, provided that the soil materials have suitable
properties (e.g. sufficient clay content — see White 2006). The high bulk density and
corresponding low porosity of many urban soils (Table 5.1) can be another conse-
quence of the limited development of structure, or processes such as compaction
and disturbance may cause both the lack of structure and the low porosity (high
density).

Improvements in urban soil structure may result from amendment of soils with
composts made from urban waste materials. Fourvel et al. (2019) studied the effect
of green waste compost on soil and dredged dam sediment, finding that compost
improved the structural parameters of the soil materials. Increases in mean weight
diameter of soil aggregates (i.e. better structure), decreases in bulk density, and
increases in macroporosity persisted for up to 18 months following compost addition
to the soil materials. Structural improvements can also be achieved using organic
materials from other waste streams, such as biosolids (digested sewage sludge)
(Kumar and Hundal 2016). Dredged dam sediments can provide a potentially fertile
material to offset soil loss in urban environments, and their amendment with organic
waste materials therefore represents beneficial reuse of both materials (Almeida
etal. 2001), although dredged materials may contain potentially acidifying sulphides.

5.2.5 Soil Strength

Soil strength is important in different ways depending on the context. For mainte-
nance of a biological community, high soil strength is undesirable, but in the context
of preventing erosion or slope failure or supporting built infrastructure, high soil
strength is advantageous.

Soils with high strength are common in urban environments, and this is fre-
quently a consequence of deliberate or accidental soil compaction. Only a few stud-
ies have measured soil strength, for example, in terms of penetration resistance, in
urban environments. For example, Chatterjea (2007) found significantly higher pen-
etration resistance on and around walking trails in an urban park in Singapore, with
on-trail penetration resistance frequently >1 MPa. The increased resistance to pen-
etration in Chatterjea’s (2007) study was related to the compaction caused by human
foot traffic. Rocha et al. (2015) also measured high penetration resistance in soils
being rehabilitated to forest in a peri-urban environment in Brazil (Fig. 5.3).
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Fig. 5.3 Variation of penetration resistance with depth in soils being rehabilitated to forest in
Garga city, Sao Paulo, Brazil. REF1 and REF2 refer to sites reforested with Brazilian native tree
species; PAS is a site under pasture; FFPP is a remnant forest site (control); and EUCA is planted
with Eucalyptus species. Translated version redrawn from Rocha et al. (2015) and used under the
conditions of a CC-BY-4.0 licence

5.2.6 Soil Erosion and Erodibility

It has been known for some time that urbanisation causes local increases in soil ero-
sion, for example, due to construction of buildings and roads exposing bare soil.
Erosion is exacerbated by the increased volume and velocity of run-off from imper-
meable surfaces. The increased sediment yield from erosion of urban soils generally
has the consequence of increased sediment load of urban streams (Wolman and
Schick 1967). The short-term rates of erosion in terms of soil depth with time can
be up to 18 cm/year on soil materials exposed or deposited by construction prac-
tices. For individual projects, therefore, soil erosion is a crucial consideration
(Rowlands 2018).

Less severe water erosion is usually in the form of sheet (or sheetwash) and rill
erosion (Fig. 5.4), caused by water flowing over unconsolidated land surfaces such
as bare soil or with minimal vegetation cover (Knox et al. 2000). Soil loss by sheet
and rill erosion is dependent on rainfall intensity and landscape factors such as slope
steepness, slope length, and vegetation or impermeable cover. Soil factors also
affect soil loss by water erosion; a soil’s intrinsic erodibility depends on properties
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Fig. 5.4 Sheet and rill erosion of bare soil on a slope exposed by urban construction activities.
(Photograph by Andrew W. Rate)
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Fig. 5.5 Soil loss by erosion for different land use types in Puerto Rico. Redrawn from Del Mar
Lopez et al. (1998); used with permission from the College of Arts and Sciences, University of
Puerto Rico, Mayagiiez

like soil structure and texture, organic matter content, hydraulic conductivity, and
soil strength (White 2006).

On a larger scale, therefore, urban soil erosion may be lower than for other land
uses, because on average the land surface is covered with either vegetation (e.g.
lawns) or impermeable surfaces that protect the soil surface from rainwater impact
(Del Mar Lépez et al. 1998; Knox et al. 2000) (Fig. 5.5). Del Mar Lépez et al.
(1998) modelled erosion with the Revised Universal Soil Loss Equation (RUSLEZ2;
see Box 5.1) and assumed that the ‘crop factor’ (i.e. protection of land by vegetation
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cover) was more protective for densely developed urban land than for any other land
use category, including closed-canopy forest. Even though vulnerable soil in urban
environments is far more erodible than in rural settings (Wolman and Schick 1967;
USDA 2000), the overall effect of surface sealing in urban areas can be to decrease
erosion relative to natural environments on a whole-city scale (Fig. 5.5).

The erosion of soil from urban environments may still exceed erosion from other
land use types such as forest or agriculture, especially when rapid urbanisation is
occurring (e.g. see Erskine et al. 2003; Martin et al. 2003; Ozsoy and Aksoy 2015).

Wind Erosion
Erosion of particles from soils by wind in arid and semi-arid environments can be a
significant pathway for soil loss. For example, Khresat et al. (1998) recognised
urban expansion as a contributor to desertification in Jordan, with some of the most
important mechanisms being erosion by water and wind. Urban soil erosion is also
a significant source of airborne particulate matter (Eliasson et al. 2008) (Fig. 5.6),
which may have adverse effects on human health. Although the source of some soil
particles in air is external to urban centres, some studies show greater particulate
concentrations in city centres compared with peri-urban areas (Eliasson et al. 2008).
Urban development has been a contributing factor in catastrophic landslides. For
example, the 1979 Abbotsford landslide in New Zealand (Fig. 5.7), involving ca.
5 x 10% m® of soil and underlying unconsolidated sediment, was caused by multiple
natural and urban factors. Natural factors included the slope of 7-10° along sedi-
ment bedding planes and soil and underlying material containing smectite clay with
very low shear strength. The factors related to urbanisation which were identified
included excavation of material on the lower slope, a leaking water main pipe that
increased pore water pressure, and minor contributions from the increased mass of
buildings and paved areas and removal of vegetation (Hancox 2008).

800
. L . .
B0 | -
ol
E .
= w0 -2 »
&
ol * o .. .
200 - % . D ——
L]
’ :' * e . . ’
0
0 10 20 30 40 50 60
Latitude (°N/S)

Fig. 5.6 Daily mean total suspended particulates (TSP, pg m~) in urban air for different cities, as
a function of latitude (°N or °S). (From Eliasson et al. 2008; used with permission from Springer)
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Fig. 5.7 Catastrophic slope failure in suburban Abbotsford, New Zealand, 1979. (Image from
Hancox 2008; used with permission from Springer)

Box 5.1 The Revised Universal Soil Loss Equation

The Revised Universal Soil Loss Equation (RUSLE) predicts soil loss by
water erosion and has been modified several times since the original USLE
was developed by Walt Wischmeier at the US Department of Agriculture in
the 1960s. The USLE model was originally intended for predicting soil losses
from croplands in the USA and was updated for prediction in other environ-
ments, such as constructed areas, in 1978 (Renard et al. 1997). The latest
version, RUSLE2, is based on the following equation (Foster et al. 2003):

A=SX(rklcp,)

[A A g

where:

A is the average annual erosion

r is the rainfall/run-off erosivity factor

k is the soil erodibility factor

[ is the topographic factor (slope steepness, roughness, etc.)

c is the cover-management factor

p is the support practices factor

and the subscript i denotes the daily index value for each factor (7, , [, ¢, p)

RUSLE2 multiplies the daily factor values to estimate daily erosion values,
which are summed (indicated by the Y} symbol in the equation) for all days in
a year to estimate average annual erosion. Previous versions of RUSLE
included the k and c factors varying with time but not all factors as in RUSLE2.
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There are fewer applications of the USLE or RUSLE to soil loss by erosion of urban
soils than for agricultural soils, possibly as the model assumptions are not fulfilled.
More advanced modelling approaches such as the USDA’s Water Erosion Prediction
Project (WEPP) may offer more reliable prediction (Laflen and Flanagan 2013).

5.2.7 Soil Temperature and Heat Fluxes

The urban heat island effect is the tendency of urban areas to have greater air and
land surface temperatures than the surrounding peri-urban and rural areas. Urban
heat islands have been known to exist since the early 1800s and have been con-
firmed by numerous studies using micrometeorological and remote sensing tech-
niques over the last 40-50 years (Landsberg and Maisel 1972; Hafner and Kidder
1999; Small 2006; Min et al. 2019). There are multiple potential causes of urban
heating, including the abundance of impermeable surfaces with large heat capacities
and low reflectivity, intentional release of heat from combustion, the low propor-
tions of vegetated land and open water which would otherwise confer an evapora-
tive cooling effect, and lower soil water contents requiring less heat input for
evaporation from soil. The increased surface area and heat capacity of tall buildings
create the so-called canyon effect which is known to cause additional urban heating
(Landsberg and Maisel 1972; Changnon 1999; Grimm et al. 2008; Tang et al. 2011).
Examples of surface temperature gradients in and around several urban areas are
shown in Fig. 5.8, showing that urban heat island effects are widespread, but they do
not occur in all cities.

The greater air and land surface temperatures in urban areas would logically lead
to greater soil temperatures, and this is generally supported by measurements.
Changnon (1999) used a 60-year time series of air and soil temperature data in
Champaign, Illinois, USA, to show an increasing trend attributed to urbanisation. A
similar soil temperature increase was confirmed by Savva et al. (2010) who mea-
sured increases in soil temperature under both turf grass and urban forest in
Baltimore, USA. Based on depth profiles from geothermal boreholes in Gateshead,
UK, Banks et al. (2009) presented evidence that soil heat fluxes from an urban heat
island had warmed surface soil and underlying sedimentary rocks to a depth of at
least 55 m. Finally, in an extensive study in Nanjing, China, Tang et al. (2011) mea-
sured differences in urban and rural soil temperatures of between 1 and 3 °C
(Fig. 5.9a). The city of Shanghai, China, however has an urban heat island only in
terms of air temperature, whereas soils in the urban centre of Shanghai are cooler
than soils in surrounding suburbs, a phenomenon which is likely to be due to
increased shading (Fig. 5.9b).

The greater soil temperature in urban systems, caused by greater heat fluxes from
atmosphere to soil, would need to be at least partly balanced by greater outgoing
heat fluxes. Some of this heat loss flux would be soil heat flux to deeper soil, includ-
ing to considerable depths, as suggested by Banks et al. (2009). Soil evaporation
(latent heat flux), however, would also be likely to increase, resulting in drier urban
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Fig. 5.8 Urban heat island effects shown by images derived from analyses of Landsat ETM+
spectra. Approximate urban extents (from Google Maps and shown as white cross-hatched poly-
gons) are superimposed on surface temperature images selected from Small (2006) and used with
permission from Elsevier. Colour scale in temperature maps ranges from black and blue tones
(cooler) to red tones (warmer)
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Fig. 5.9 (a) Yearly trend of urban (—#—7m.)T,, ) and rural (—°~ Tw.T,,,) mean soil temperatures
(from Tang et al. 2011) and used with permission from Elsevier; (b) urban ‘cool island” of surface
soil temperature in Shanghai, China (from Chen et al. 2003), with contours in °C and the * sym-
bol representing the urban centre (used with permission from Springer)

soils. Greater soil temperature would also be expected to affect soil chemical and
biological processes (such as faster chemical reactions or greater microbial activity
when soil water content is sufficient; for more detail see Xiao et al. (2005) and
Peters and McFadden (2010)).
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Soils are important for regulation of urban microclimates (Mao et al. 2014). The
ability of urban soil to cool the overlying atmosphere by way of the latent heat flux
will clearly be lower for drier soils, however, since the latent heat flux represents the
heat content of evaporating water vapour (Coutts et al. 2013). Urban vegetation,
especially trees, promotes cooler soils by providing shade and by allowing greater
evapotranspiration (i.e. latent heat flux) from soil (indirectly) to the atmosphere (Lin
and Lin 2010).

5.2.8 Heterogeneity of Soil Physical Properties

Although this issue has already been addressed in Chap. 3, it is worth remembering
that substantial short-scale heterogeneity in soil physical properties can exist in both
anthropogenic and ‘natural’ soils. One example is the artificial layering discussed
briefly in Sect. 5.2.1. There have not been many researchers who have studied short-
range variability of soil physical properties, but it is an important issue to consider
for engineering properties of soils and may require an additional margin of safety to
be applied, for example, in the case of load-bearing soils for construction (Uzielli
et al. 2006).

5.3 Effects of Urban Soil Physical Constraints
on Ecosystem Functioning

5.3.1 Effect of Impervious Surfaces

Lower infiltration of water into a landscape with high impervious surface cover
(Paul and Meyer 2001) can be assumed to result in less soil water being available
for plants and soil biota (Coutts et al. 2013). Some studies, however, have found that
changing the permeability of surface cover has little to no effect on the growth of
urban trees (Morgenroth and Buchan 2009; Volder et al. 2009). The transfer of water
to soils, and consequent availability of water to plants, in urban environments can be
increased with water-sensitive urban design (WSUD) features such as swales and
buffer strips or rain gardens (Fig. 5.10).

Impervious surfaces also differ from pervious surfaces or uncovered soil in their
thermal characteristics. For example, Montague and Kjelgren (2004) showed that
the albedo of different surface materials decreased in the order: concrete > gravel
rock mulch > turf > asphalt > pine bark mulch > lava rock mulch. In the same study,
thermal conductivity decreased in a somewhat different order: asphalt > concrete >
turf > gravel rock mulch > pine bark mulch > lava rock mulch. Both low albedo and
high thermal conductivity would be expected to result in greater temperatures in the
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Fig. 5.10 Modified version of part of the ‘classic’ urban water balance diagram in Fig. 5.1, show-
ing some possible pathways based on water-sensitive urban design for the increased run-off gener-
ated by high proportions of impervious surfaces. (Graphic by Andrew W. Rate)

underlying soils, but actual observations were only partly consistent with this expec-
tation. Under all net solar radiation scenarios, the greatest soil temperatures were
under asphalt and concrete, with the lowest soil temperatures under pine bark mulch
(Montague and Kjelgren 2004).

Deliberately buried infrastructure, such as pipework for urban utilities, has the
same effect as coarse fragments in reducing the effective soil volume for ecosystem
services, like water storage and water and solute movement. Some authors call this
the urban karst effect, and the phenomenon is illustrated in Fig. 5.11). This is
because of the combined effects of limited infiltration areas from impervious sur-
face cover, underground cavities, buried infrastructure, and tree roots creating pref-
erential flow pathways in the same ways as natural ‘karst’ landscapes formed by
dissolution-dominated weathering of limestones (Gwenzi and Nyamadzawo 2014;
Bonneau et al. 2017). Urban impervious surfaces create more focused areas for
water infiltration (sometimes in intentionally constructed basins) which increases
percolation of water into discrete smaller areas, even leading to local mounding of
groundwater. Installation of buried infrastructure such as pipework with smooth
surfaces, and infilling of infrastructure trenches with high-permeability materials
such as coarse sands and gravels, creates preferential flow pathways for water and
solutes within urban soils (Bonneau et al. 2017). An important combined outcome
of localised infiltration and preferential water flow in urban soils is therefore to, in
some cases, increase leaching of substances dissolved in water. These substances
may be contaminants such as nutrients, metals, organic compounds, or pathogens;
the preferential flow means less interaction with the solid materials in the soil, con-
sequent greater concentrations in pore water, and therefore possible groundwater
contamination.
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Urban
karst

Fig. 5.11 The urban karst phenomenon, showing a schematic of preferential water flow (arrows)
through natural fractured limestone karst at left and at right preferential flow along the boundary
of soil with tree roots or buried infrastructure in an urban karst. (Graphic by Andrew W. Rate,
inspired by US EPA (1993))

5.3.2 Effects of Soil Density and Porosity

Bulk density greater than ca. 1.6 Mg/m? is usually considered to be undesirable
(McKenzie et al. 2004). The actual threshold bulk density value is dependent on
texture (see US EPA 2011), and the upper threshold value may be as high as 1.8 Mg/
m? before plant growth is severely restricted on sandy soils. The total porosity of
soil is best understood in the context of air- and water-filled pores; air-filled poros-
ity needs to be ca. 10% of total soil volume at field capacity water content for
adequate aeration for plants and aerobic microorganisms (Hazelton and Murphy
2011). Low porosity confers a greater risk of inadequate air-filled porosity in wet
soils, with consequent risks of waterlogging and anoxia (White (2006) suggests a
minimum porosity of 23% by volume — have another look at Table 5.1). High
water-filled pore space can decrease soil strength; low porosity, especially the
absence of macropores, causes low infiltration rates resulting in run-off and poten-
tially soil erosion.
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5.3.3 Effects of Soil Strength
5.3.3.1 Effects on Biological Components of Soil

Plant root growth decreases with increasing soil strength (see Fig. 5.12 and Zou
et al. (2001)). Hazelton and Murphy (2011) state that root growth will be severely
restricted for cereal crops at penetration resistance >2-2.4 MPa, since roots can
only explore pre-existing pores and planes of weakness in a soil. Soil shear strength
limits root elongation at 70 kPa in sandy loam soils, and up to 290 kPa in clays (see
Hazelton and Murphy 2011, who also present limiting values of soil shear strength
for germination, ‘coleoptile elongation’, and seedling emergence).

5.3.3.2 Effects on Human Construction

Typical bearing capacities for a range of soils and soil-like materials range from
<75 kPa for soft clays and silts to >300 kPa for compacted sand and up to >600 kPa
for dense gravel (or sand plus gravel) (Geotechdata.info 2015). Some typical values
of bearing limits for urban soils and related materials are presented in Table 5.3.
These values have a safety factor applied; if soil has insufficient bearing capacity for
the weight of structure, shear failure of the soil beneath and adjacent to foundations
can compromise the built structure. The dependence of shear strength on grain size
and morphology means that soil strength can be increased by mixing with a coarse-
grained material such as rock chips (Rahardjo et al. 2008).

10 | (a) y = 8.04¢”**(RMS = 2.51, n = 164) ® Pumice
a O Argilite
W Loess

=f O Ash N

Root elongation rate (mm day-")

Soil strength (MPa)

Fig. 5.12 Effect of soil strength (MPa) measured by penetration resistance on root growth
(mm day~') of Pinus radiata seedlings (Zou et al. 2001; used with permission from Springer)
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Table 5.3 Bearing limits of earth materials based on shear strength. (British Standards

Institution 1986)

Material Bearing limit (kN/m?)
Rocks

Strong unweathered igneous or gneissic rock 10,000
Strong unweathered limestones or sandstones 4000
Unweathered schists and slates 3000
Strong unweathered shales, mudstones, or siltstones 2000

Soils

Dense gravel/dense sand plus gravel > 600
Medium dense gravel/medium dense sand plus gravel < 200-600
Loose gravel/loose sand plus gravel <200
Compact sand > 300
Medium dense sand 100-300
Loose sand® < 100
Very stiff boulder clays and hard clays ° 300-600
Stiff clays® 150-300
Firm clays® 75-150
Soft clays and silts® <75

“Depends on degree of looseness; "susceptible to long-term settling/compaction

Soil compressibility is also an issue, measured by a range of parameters (e.g.
bulk modulus, volumetric compressibility) depending on the context (e.g. whether
the soil is laterally constrained; see Terzaghi et al. 1996; Liu and Evett 2008).
Coarser materials such as gravels and sands tend to have lower compressibility and
are therefore more suitable for construction than more compressible silts, clays, and
organic-rich soils for which settlement can be a severe problem.

In extreme cases, urban development may lead to potentially dangerous or even
catastrophic events such as large sinkholes (Fig. 5.13) or landslides. The sinkhole
which formed in Harbor, Oregon, USA, shown in Fig. 5.13 was along the line of a
stream gully which had been infilled to allow construction. Preferential flow of
water down the path of the former stream during heavy rain resulted in tunnel ero-
sion, with the sinkhole forming as the material overlying the tunnel collapsed. Julian
and Anthony (1996) discuss the increased incidence of landslides related to coastal
urban development in south-eastern France, noting that human activities such as
mechanical compaction, road construction, and removal of vegetation are factors
contributing to slope failures.
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Fig. 5.13 A large sinkhole which formed in Harbor, Oregon, USA, in 2016, probably caused by
preferential subsurface water flow down an infilled former valley (from upper right to lower left of
image (c)) during heavy rainfall (Photo credits: (a, b), Oregon Department of Transportation, used
under terms of Creative Commons Attribution 2.0 Generic license; (¢) still from YouTube video by
Kyle Rice, Triook Technology, Harbor, Oregon, USA (used with permission))

5.3.4 Effects of Soil Erosion

Erosion of urban soils, especially during the construction phases of urban develop-
ment, is a significant source of sediment to streams and rivers (Paul and Meyer
2001) and ultimately to the marine environment (USEPA 1993). The ecology of
urban streams can be affected significantly by increased sediment load, resulting in
effects such as eutrophication, reduced biodiversity of plants and invertebrates, and
reduced diversity and population declines for fish species (Paul and Meyer 2001).
Export of sediment to streams by soil erosion is also associated with stream sedi-
ment contamination (Sutherland 2000). In stormwater drainage systems, excessive
sedimentation from soil erosion may necessitate drain maintenance by excavation
of drain sediments (Department of Environment 2004).

Wind erosion of soil (including urban soil) increases the concentration of fine
particles suspended in the atmosphere (Chan et al. 2008; Eliasson et al. 2008;
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Athanasopoulou et al. 2010). Erosion by wind is particularly relevant in drier soil
environments, which in urban environments may result from higher soil tempera-
tures and reduced deep and shallow infiltration due to impervious surfaces. The
combined influences of both the urban heat island effect, and the increasing tem-
perature trend due to climate change, may result in increasing severity of wind
(aeolian) erosion of urban soils.

Erosion of surface soils by water and wind also represents a loss of fertility due
to the vertical stratification of nutrients and soil organic matter, in that the greatest
concentrations of nutrients and organic matter are at or near the soil surface.
Establishment of vegetation may therefore be more difficult (e.g. in rehabilitation of
urban soils) if erosion occurs, unless soil amendments are used to manage fertility
(US EPA 2011).

5.3.5 Effects of Warmer Soils

Since (with some exceptions, such as Damascus, Lebanon (Fig. 5.8), or Shanghai,
China (Fig. 5.9)) urban soils are likely to be warmer than their natural soil counter-
parts, it is worthwhile considering the effects of greater soil temperature on soil
processes and functions.

Warmer soils will tend to be drier; the lower water content is driven by external
energy inputs which are balanced by the latent heat flux of the soil (Hillel 2014; see
Chap. 4). The theory is consistent with measurements in urban soil systems; for
example, Wang et al. (2011) measured greater evapotranspiration by urban trees at
higher soil temperatures. Evaporation of water directly from soil also requires there
to be a relative humidity gradient between soil and the atmosphere, however, so
warm soils will not always dry out.

Combined warming and drying of soil will generally cause decreases in biologi-
cal activity. Plants will experience water stress (Hillel 2014), and soil microorgan-
isms from urban soils may not survive extreme drying (Gleason et al. 2004). In
some cases, though, soil microorganisms may adapt to the selection pressure applied
by higher temperatures so that they can better survive warming and/or drying
(McLean et al. 2005).

At greater soil temperatures in the absence of water limitation, microbial pro-
cesses occur more quickly. The most obvious example is that of soil organic matter
decomposition, commonly measured as respiration of CO, by soils. In urban soils
in Auckland, New Zealand, Weissert et al. (2016) showed that soil temperature and
soil water content were the best predictors of soil CO, emissions across a range of
land uses and soil types, including urban parks and areas of remnant and planted
forest. Other microbially driven processes have also been shown to respond to tem-
perature changes in urban soils. Methane emissions from urban wetland soils (which
are driven by microbial processes) in Ohio, USA, increased with increasing soil
temperature (Morin et al. 2014). Similarly, the net mineralisation of nitrogen,
another process dominated by soil microbial and mesofaunal activity, was greater in
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urban than rural environments, an effect attributed to an urban heat island (Pavao-
Zuckerman and Coleman 2005).

Plant growth can also be affected by increased soil temperature in urban environ-
ments. Ziska et al. (2004) found that plant productivity was more closely related to
soil temperature than to daytime air temperature or atmospheric CO, concentration,
along a rural-urban gradient in Maryland, USA (the study ensured that soil water
content or nutrients were not limiting factors to plant growth).

5.4 Soil Physical Measurements

5.4.1 Standard Soil Physical Methods

There are numerous standard field and laboratory-based methods for determining
soil physical properties, and it is not our intention to review these comprehensively
in this textbook. We will include a brief discussion below and refer readers to excel-
lent compilations of soil physical methods in Cresswell et al. (2002) and Dane and
Clarke Topp (2002).

There are numerous soil physical parameters which are important to be measured
or estimated in urban soils. It is useful to have information on basic soil properties
such as density, porosity, coarse fragments, water content, soil texture, soil struc-
ture, soil temperature, and electrical conductivity.

Parameterised models can be used to estimate or predict soil physical parameters
which are difficult to measure. These may be mechanistic, meaning that the model
is based on a theoretical understanding of the processes involved, such as the equa-
tion describing a soil water retention curve using the van Genuchten equation (e.g.
see de Lima et al. 2016). Alternatively it is sometimes possible to predict the values
of soil properties because they are statistically related to other (more easily measur-
able) soil properties, without assuming any physical mechanism. The statistical
relationships are usually regression models (see Chap. 3), giving rise to the so-
called pedotransfer functions, which are used to predict soil physical parameters
that are difficult to measure (Cresswell et al. 2002, Chap. 22). (Table 5.4)

5.4.2 Geophysical Methods

A number of ‘geophysical’ techniques have the potential to generate two- or three-
dimensional representations of the below-ground soil environment and therefore to
provide information which include soil variability across a landscape and/or with
depth. They can be especially useful in combination with each other, to cross-
validate detection of subsurface soil features and properties. The soil properties
accessible by geophysical methods are, not surprisingly, mainly soil physical
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Table 5.4 Examples and availability of methods for determining soil physical properties in the

field and laboratory

Soil physical property | In situ/field method Laboratory method

Soil depth Excavation; push-probe -

Water table height Piezometers, bores -

Bulk density Water replacement and related methods, | Volumetric/gravimetric on
neutron probe undisturbed field cores

Coarse fragments Sieving/gravimetric Sieving/gravimetric

Water content Time domain reflectometry (TDR), Thermogravimetric
neutron probe

Water potential Tensiometers Filter paper method

Water repellence

Molarity of ethanol droplet
(MED) test

Texture

Manual deformation

Gravitational sedimentation

Structure

Field observation

Aggregate stability

Emerson test (qualitative)

Wet sieving

Penetration resistance

Field penetrometer

Penetrometer

Shear strength

Triaxial cell; direct shear box

Compressibility

Consolidometer; triaxial
compression cell

‘Water retention curve

Simultaneous TDR or neutron probe +
tensiometers

Pressure plates/tables, plus
gravimetric

Infiltration rate

Double-ring or tension infiltrometer,
well permeameter

Hydraulic
conductivity

Depthwise soil pore water samplers or
thermistors

Constant- or falling-head
permeameters

Soil temperature

Thermocouples; thermistors

Heat fluxes: Latent
and sensible

Eddy covariance; Bowen ratio method

Electrical
conductivity/
resistivity

Suspension and field conductivity meter;
EM survey; electrical resistance
tomography

Suspension and conductivity
cell

Particle density

Volumetric/gravimetric

Specific surface area |— BET sorptimetry

Atterberg limits - Drop-cone penetrometer +
thermogravimetric

Evapo(transpi)ration | Lysimeters; plant-based techniques -

Air permeability Surface-chamber method Manometer/flow meter

Heat capacity, soil
heat flux

Dual-probe heat-pulse method

Dual-probe heat-pulse
method

Thermal conductivity

Time series of depthwise temperature
gradient

Time series of depthwise
temperature gradient

Solute transport (esp.
models)

Lysimeters; soil pore water samplers;
groundwater tracers

Hydrogeochemical simulation
models; lysimeters

Source: Cresswell et al. (2002), Dane and Clarke Topp (2002)
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properties (sometimes modified by chemical composition parameters such as salin-
ity). Chemical and biological soil properties are not generally able to be determined
by above-ground probes such as those described below and are dependent on physi-
cal sampling and subsequent laboratory analyses.

Ground-penetrating radar (GPR) is based on detection of the rate of propagation
and strength of reflection of a pulse of radiofrequency electromagnetic radiation
applied at the soil surface. It has been used to measure soil depth to bedrock and
detect voids and buried infrastructure in urban contexts (Saarenketo and Scullion
2000), in situ urban tree root morphology (Stokes et al. 2002), as well as in archaeo-
logical exploration of ancient cities (Leopold et al. 2011).

Magnetic methods include magnetic gradiometry (i.e. measurements of mag-
netic field gradient) and magnetic susceptibility. For example, Magiera et al. (2006)
measured magnetic susceptibility on a ca. 10 km grid spacing in surface soils across
Poland, the Czech Republic, and Germany, finding that urban soils had a distinct
magnetic signature. Similarly, magnetic gradiometry was used in Montréal, Canada,
to assess the subsurface of landfill soils, in combination with other geophysical
techniques (Boudreault et al. 2010). Like other methods, magnetic gradiometry is
also used in urban archaeology (e.g. see Boschi (2012), and the examples in
Chap. 2).

Electrical resistivity/conductivity of the subsurface is the basis for geophysical
techniques such as electromagnetic (EM) mapping and electrical resistivity tomog-
raphy (ERT). The simplest and most portable method is EM mapping, with hand-
held and vehicle-mounted instruments available. Examples of the use of EM
mapping in urban soils include detection of buried infrastructure at a decommis-
sioned coal mine in Liinen, Germany (Bell and Failey 1991) and mapping of various
underground utilities (e.g. pipes, tanks) in Jeddah City, Saudi Arabia, in combina-
tion with GPR (Rashed and Atef 2015). The investigation by Rashed and Atef
(2015) also utilised the ability of EM methods to provide magnetic susceptibility
data, allowing discrimination of different materials (plastics, metals).

Electrical resistivity tomography is a more complex technique, logistically, in
terms of numerical processing requiring inverse modelling of raw data but impor-
tantly with respect to the additional information provided. It relies on acquisition of
data, over typical time frames of 0.5 to a few hours, from linear electrode arrays
inserted into surface soil. The type of information provided by ERT typically relates
to soil water content and soil texture, since both affect the electrical conductivity of
the subsurface. An example of the use of ERT in an urban soil environment was to
assess land suitability for potential urban or tourism development near the urban
area of As Siliyin, El-Fayoum, Egypt {Metwaly, 2010 #5646 ; see also Fig. 5.14}.
The ERT information collected by Metwaly et al. (2010) was used to discriminate
sediment textures and water content, to help understand the groundwater resource at
the site (Fig. 5.14). Boudreault et al. (2010) showed that ERT also has the capability
to detect solid, high-resistivity zones and objects in urban soil-like materials. An
archaeological application of EM and ERT in cities, to locate previously unknown
bronze production sites in Athens, Greece, is described by Leopold et al. (2011).
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Fig. 5.14 Electrical resistivity tomography inversion image for a cross section in the peri-urban
area of As Siliyin, Egypt (30.793 E, 29.381 N). (Image from Metwaly et al. (2010); used with
permission from Springer)

It is worth mentioning seismic geophysical techniques, because as well as pro-
viding in situ information about the subsurface environment, they can provide esti-
mates of the risks posed by earthquakes, as well as minor seismic phenomena such
as vibrations from heavy vehicles and construction activities. An application of
surface-based, non-destructive seismic methods for soils and volcanic sediments
with a range of consolidation is described for the urban environment of Napoli,
Italy, by Nunziata et al. (2004).

Other geophysical techniques include (but are not limited to) induced polarisa-
tion, which is related to ERT but measures the ability of different subsurface materi-
als to hold an electrical charge (e.g. Cardarelli and Di Filippo 2004), and magnetic
resonance sounding, which can yield information about free water content and
hydraulic conductivity (e.g. Lubczynski and Roy 2003). Both techniques are used
down pre-existing boreholes through soil and underlying material, and induced
polarisation can also be used in linear electrode arrays in the same way as ERT.

5.4.3 Remote Sensing Methods

Remotely sensed data, using imagery from satellites or aircraft, have been used for
many years to assess urban environments, including collection of data on urban
soils. Many landform or land use parameters, and soil physical properties, are acces-
sible by remote sensing. Only a few soil chemical and biological properties are
accessible using remote sensing methods.

Satellite data. In an early example, Ormsby (1982) used Landsat 3 visible, near-
infrared, and thermal data to discriminate selected pairs of land covers including
urban vs. agricultural or urban vs. unvegetated/extractive industry land. More recent
investigations using Landsat data are based on fitting remotely sensed imagery to
the vegetation — impervious surface — soil (V-I-S) model (e.g. Phinn et al. 2002; Wu
and Murray 2003), with an important outcome being reliable estimation of impervi-
ous surface cover in cities. Other satellite-derived data, such as MODIS or ATLAS,
have been used to map various parameters relevant to urban soil environments,
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including soil temperatures and urban heat island effects (Schneider et al. 2012),
detecting the sources of urban air pollution (Xu et al. 2005), inferred soil organic
carbon (Bae and Ryu 2015), evapotranspiration and plant water requirements (Nouri
etal. 2016), and simulation of urban soil water content (Chiesi et al. 2019). Synthetic
aperture radar (SAR) is an additional airborne or satellite-based sensing technique
that effectively simulates a very large radar antenna (‘aperture’) by virtue of the dif-
ferent positions along the flight path, allowing high-resolution images and measure-
ment of the height of objects or land elevations. SAR has been used for some years
to map urban expansion and urban land use (e.g. Henderson and Xia 1997).
Additional applications include estimation of soil water content (Moeremans and
Dautrebande 2000), assessment of land subsidence (Tosi et al. 2009), building
height (Colin-Koeniguer and Trouvé 2014), vegetation indices (Kim et al. 2014),
impervious surface cover (Zhang et al. 2018), and flood water monitoring (Chini
et al. 2019).

Airborne data. Aerial photography was probably the first remote sens-
ing data layer to be used and is still commonly used in the mapping of urban land
use or land surface cover (e.g. Grant and Finlayson 1978; Fox et al. 2012). High-
resolution aerial photography has also been used as calibration data for analysis of
satellite images (Ormsby 1982). Airborne radiometric data have been used widely
in mineral exploration for several decades and have also provided information use-
ful to urban areas. Relying on the natural radioactivity caused by low but detectable
concentrations of radioactive potassium, thorium, and uranium isotopes, airborne
radiometric measurements provide remotely sensed information to allow discrimi-
nation of solid earth-surface materials such as different types of rocks and soils.
Airborne radiometric measurements have been used in an urban context by Beamish
and Busby (2016) to assess peri-urban geological structures for geothermal poten-
tial. Another potentially fruitful application was described by Bierwirth and Brodie
(2005), who found that the radiometric thorium (Th) signal was depleted in acid
sulphate soil environments. Although Bierwirth and Brodie’s (2005) study was not
in an urban environment, the incidence of acid sulphate soil processes in new urban
developments (especially in coastal areas) could make airborne radiometrics a use-
ful monitoring tool.

5.5 Additional Reading

Hillel D (2014) Environmental soil physics: fundamentals, applications, and envi-
ronmental considerations. Academic Press, San Diego, USA

Verma SK, Sharma SP (Eds.) (2011) Urban Geophysics (Special Issue with 21 arti-
cles). Physics and Chemistry of the Earth, Parts A/B/C, Vol. 36, Issue 16,
pp- 1209-1436. Elsevier, Amsterdam, The Netherlands
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5.6

Summary

Urban soils can have numerous physical constraints which affect their ability either
to perform ecosystem services or to support urban infrastructure
The potentially adverse physical properties include:

Surface or subsurface sealing

High density and associated low porosity

The existence of substantial proportions of coarse materials, artefacts, or bur-
ied infrastructure

Weak on non-existent soil structure (for ecosystem services)

Soil strength which is inappropriate to the desired soil functions

High soil erodibility

High soil temperatures

Adverse soil physical properties in urban environments may have undesirable
effects on the ecosystem services or engineering functions of soils. The unde-
sired effects may differ or even oppose one another depending on the soil man-
agement objectives (e.g. supporting vegetation or use as a structural foundation)

The physical properties of soils can be either static or dynamic. There are many
methods for determining these properties, based on combinations of field and/or
laboratory measurements. Some measurements must be made in situ in the field
(e.g. infiltration rate or soil temperature), while others must be made in a labora-
tory (e.g. shear strength, particle density).

Soil physical morphology and properties are amenable to geophysical and remote
sensing techniques to a greater degree than are soil biological or chemical mea-
surements. Geophysical methods such as ground-penetrating radar, magnetic
methods, or techniques based on electrical properties can provide useful infor-
mation over larger spatial extents in urban soils. In addition remotely sensed
(airborne or satellite) data has been used to estimate urban soil physical
conditions.

5.7

Questions

5.7.1 Checking Your Understanding

1. Which soil physical constraints are likely to affect soil water storage and move-
ment in urban soils? What is the nature of the effects that you have identified?

2. Some urban soil physical constraints are likely to affect soil biological function-
ing — what are these constraints? Which soil organisms might be affected
and why?
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3. Identify the soil physical processes which (a) have adverse effects on both eco-
system services and engineered structures and (b) have opposite effects on eco-
system services and engineered structures. Try to explain the differences!

4. Draw an annotated diagram which shows the water and heat fluxes (and any
changes in these fluxes) involved in cooling of urban atmosphere and land sur-
faces by trees.

5. List the soil physical methods which directly or indirectly relate to measurement
of soil water storage or movement. Describe which aspect of the behaviour of
water in soils is being measured in each case.

6. Using examples, describe the differences between ground-based and remote
sensing geophysical techniques for measurement or estimation of physical prop-
erties of urban soils.

(For the following sets of questions, you might need to do some additional
reading.)

5.7.2 Thinking About the Issues

7. Explain why the analogy of a karst landscape is helpful for understanding water
and solute flow in urban soils (or why it is not!).

8. Discuss the possible advantages and disadvantages of field versus laboratory
measurement of the following soil physical properties: bulk density, water con-
tent, texture, penetration resistance, and electrical conductivity.

9. Is the often-cited water balance graphic (e.g. Fig. 5.1) still valid for urban eco-
systems? Why (or why not)?

5.7.3 Contemplating Soils Creatively

10. Discuss whether it would be possible to remove the urban heat island effect in
part or all of an urban area. What would be the best strategies for cooling soils
in an urban environment?
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