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E1. Soil structure
PURPOSE OF THIS CHAPTER

To explain why soil structure is so important

CHAPTER CONTENTS

• structural form

• structural stability

• structural resilience

• soil porosity

• drainage and aeration

• infiltration and water entering the soil

ASSOCIATED CHAPTERS

You may need to refer to the following chapters:

• B5. Poor seedling emergence

• B6. Does my soil form a surface crust?

• B8. Do I need to deep rip?

• B10. How do I control erosion?

• B11. Do I have enough organic matter?

• B15. How wet can I cultivate?

• C1. Examining the soil profile

• C2. Alternatives to a spade

• D4. Maintaining and improving soil structure

• D5. Erosion

• D6. Conservation farming

• D7. Soil improvement through biological activity

• D9. Grazing and pasture management

• D12. Soil management for increased water-use efficiency

• E2. Soil structure rating system

SOIL STRUCTURAL FORM, STABILITY AND RESILIENCE

Soil structure has three facets:
• Soil structural form is what structure you can see 
 now in your soil.
• Soil structural stability is the soil’s ability to resist 
 damage.
• Soil structural resilience is the soils ability to eal itself 
 after damage.

SOIL STRUCTURAL FORM

This is the structure of a soil at a particular time, usually 
described by the way in which the soil particles are arranged 
in the soil, whether they are packed as densely as possible, or 
whether there is a more open structure. Well-structured soils 
have many pores or spaces between the soil particles, and these 
pores or spaces may be:
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• open spaces formed by ploughing or sowing 

• naturally forming spaces between soil peds, crumbs or clods

• old root channels

• old channels or chambers formed by soil animals such as 
earthworms or beetle larvae.

These pores or spaces allow for the movement of water 
and air. They provide opportunities for roots to grow, seeds to 
germinate and seedlings to emerge (Figure E1–1). 

The solid soil particles can be structured (arranged) as a 
continuous mass penetrated only by tubular holes formed by 
roots, and animals such as worms. This is known as a massive 
structure; sadly it is the natural state of the hardsetting surface 
soils in this region.

Alternatively, the soil can consist of clumps of soil particles 
glued strongly to each other by organic matter. Each clump of 
particles (aggregate) is only weakly bound to other aggregates 
by things like fungal threads and small roots. When cultivated, 
these soils break readily between the aggregates to produce a 
good tilth.

Aggregates are bundles of soil particles that are held 
together by:

• living organic matter such as fine roots, fungal hyphae and 
masses of microbes

• a mixture of soil and organic matter or casts produced after 
soil has been ingested by soil fauna such as earthworms; 
this is most effective for the more important larger soil 
aggregates (> 0.25 mm)

• dead organic matter from old roots, or dead soil fauna or 
microbes

• clay particles, especially when the clays have low sodium 
levels (< about 5% exchangeable sodium), when the 
aggregates are formed as a consequence of wetting and 
drying cycles

• ‘free’ iron and aluminium oxides, as occur in the krasnozem 
and euchrozem soils developed from basalts and other basic 
parent materials. (See Chapter C3.)

Aggregates are critical for soil structure; they allow the 
development of the right size of soil pores for the soil structure 
to be effective in the functions that it needs to perform.

Figure E1-1. Soil pores permit seedlings to 
emerge. 
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SOIL STRUCTURAL STABILITY 

Soil structural stability defines how stable the structural 
form of a soil is to the stresses that might be imposed on it, 
such as:

• wetting by rainfall. This includes the very large stress placed 
on the soil aggregates by the rapid physical wetting action 
of raindrops. 

• wetting alone, as may occur on soils under a protective 
surface cover under rainfall, or under irrigation. Note that 
the stress on the soil structure increases as the rate of 
wetting increases. When soils are wet very rapidly (that is, 
brought to saturation very rapidly), the stresses on the soil 
structure are very high. The stress on the soil structure will 
also vary with the composition of the water; fresh water 
(very low to nil salts) gives the most stress and salty water 
the least. 

• compaction by stock or machinery. Wet soils are very 
susceptible to compaction, as the aggregates have a very low 
strength when wet and can be easily destroyed. Smearing is 
a problem in wet soils, and can be caused either by stock 
trampling or the passage of machinery.

This is why aggregate stability is frequently used as a 
measurement of soil structural stability.

Aggregate stability
Aggregate stability can be measured in several ways, 

including by:

• direct measurement—placing some soil aggregates in water 
and seeing what happens to them. The aggregates may either 
slake or disperse if they are unstable. 

• measuring the exchangeable sodium percentage of the soil 
(ESP). This is often used as a reliable measure of the 
chemical and physical processes controlling the stability of 
soil structure to wetting in soils with clay contents above 
15%.

• measuring organic carbon levels. This can also be used as 
a general guide for the stability of soil structure, especially 
in soils with more than 15% clay. However, much still needs 
to be determined about the critical values that can be used 
to predict the stability of soil structure. Questions to be 
answered include what part of the organic carbon content 
is the most critical for structure stability and whether living 
organic matter is more effective in the stabilisation of soil 
structure than dead organic matter. Results show that soils 
high in organic matter are much more resistant to the impact 
of compaction by machinery or stock than soils with low 
organic matter contents.

• measuring the amount of ‘free’ iron by chemical extraction. 
This method can be used to predict the stability of soil 
structure associated with ‘free’ iron and aluminium. Soils in 
this region often have a thin coating of iron oxides over the 

  See Chapter C1 for more information 
      on examining the soil profile.

  Most commonly, the amount of 
      organic matter in the soil is 
      estimated by a chemical 
      determination of the amount of 
      organic carbon in the soil. 
      The amount of organic matter is then 
      estimated from the amount of organic 
      carbon, using an assumption 
      that carbon is a certain percentage 
      of the organic matter in the soil. 
      This is frequently done by multiplying 
      the amount of organic carbon by a 
      factor of 1.72, or 2.3 if the Walkley-
      Black method is used. Therefore it is 
      important to recognise whether 
      organic carbon or organic matter is 
      reported in your soil tests. 
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particles (the red colouring). This iron imparts considerable 
strength to soil aggregates. Under waterlogged conditions this 
iron may be dissolved and lost from the soil. This is one 
reason why white bleached subsoils are so boggy when wet.

Soils with a low stability to wetting are likely to crust, seal 
and/or form a hard compacted layer with low porosity at the 
surface.

SOIL STRUCTURAL RESILIENCE 
The resilience of soil structure is the capability of the soil 

to develop structure. Several mechanisms can develop structure 
in soils, including wetting and drying cycles, plant growth, soil 
fauna activity and well-timed tillage. 

Wetting and drying cycles
In this region there are limited areas of grey clay soils with 

self-mulching surfaces. These soils have significant amounts of 
high-activity clay that shrinks on drying, thus cracking the soil 
into small (5- to 15-mm diameter) aggregates. This forms a 
natural seedbed. Clay soils that are dispersible (usually sodic), 
will form widely spaced cracks on drying, but unfortunately 
this will not lead to the development of a suitable soil structure. 
Most soils in this region have developed from sedimentary 
rocks or granite and contain kaolin clay, which does not shrink 
much on drying.

Biological activity
The capability of the soil to support plant growth is an 

important part of its soil structure resilience, especially in 
soils that have only a small capacity to respond to wetting 
and drying cycles (sands and loams). Plant growth through 
the action of roots, combined with the presence of soil fauna 
and soil microbes, is the major mechanism of developing soil 
structure in most of the soils of the wheat belt of southern New 
South Wales. This is because most of these soils are fragile and 
have low structural stability when their organic carbon levels 
fall, as well as a low capacity to develop soil structure as a 
consequence of wetting and drying cycles.

Tillage 
Well timed tillage can also improve soil structure, or at 

least porosity, in the short term, but three factors need to be 
considered when considering the effectiveness of this way of 
improving soil structure. 

The response of the soil to the tillage operation 
The friability of the soil will determine the structure of 

the soil after the tillage operation is finished. Friability is 
controlled by the moisture content when the tillage operation 
is carried out, but it is also linked to the aggregate stability of 
the soil. Soils with high aggregate stability (either because of 
high organic matter or low ESP) remain in a friable condition 
across a wide range of moisture contents, and hence their 
structure after a tillage operation is more likely to result in 
an improvement in soil structure. These soils are much more 
forgiving if they have to be cultivated too wet or dry.

1864 soilpak artwork 20/4/01, 3:08 PM4-5



Soilpak for Southern Dryland Farmers
E1.5

E1.  Soil structure

In non-friable soils, a tillage operation is likely to result in 
the development of large clods or smearing unless the operation 
is carried out at exactly the right moisture content. 

The stability of the structure developed by the tillage 
operation 

This depends on the structural stability of the soil. If soils 
have a high aggregate stability, the soil structure developed by 
the tillage operation is likely to remain for some time, even if 
the soil is subjected to wetting and raindrop impact. If a soil has 
a low aggregate stability, the structure developed by the tillage 
operation will be short lived under the influence of raindrop 
impact or wetting. Some research results show that as little as 
20 mm of rain is sufficient to compact and reduce the porosity 
of a tilled soil when a soil has a low aggregate stability. 

The ‘mellowing’ of the soil over time
If the soil structure resulting from a cultivation is unsuitable 

for sowing, it is often not much improved by immediately 
following up with another working. However, if the soil is 
allowed a few days rest, then changes in temperature during 
the day and dampening from dew at night will often soften or 
‘mellow’ the soil, so that the follow-up cultivation produces a 
better tilth and less dust.

Fragile or vulnerable soils
Soils that have a low stability and that have a low 

structural resilience are clearly problem soils. These are termed 
vulnerable or fragile soils, and usually lighter textured soils 
such as sands, sandy loams, and fine sandy loams. The sodic 
soils are also in this category, as they also include those soils 
that are frequently termed hardsetting soils.

Many soils in the wheat-belt of southern New South Wales 
fall into this category.

SOIL POROSITY

Porosity is what soil structure is all about. Soil pores consist 
of natural cracks and spaces between soil peds or aggregates, 
cracks or spaces formed in the soil by cultivation, old root 
channels, old channels formed by soil animals like earthworms 
or ants, chambers formed by ants and beetle larvae, and even 
old rabbit burrows. Porosity is the main factor that controls 
water flow, air flow, water storage in soils, and the ease and 
effectiveness of cultivation. Different sized pores have different 
functions (jobs) in the soil. A good soil structure has a range of 
pore sizes for all the different functions that soils need to help 
plants grow and to keep a soil in good condition.

Types of soil pores
The categories of pore sizes and their functions are listed 

below. (Also see Figure E1–2.)

Large pores, bigger than 0.75 mm diameter
These macropores allow rapid water flow and air flow into 

the soil (within minutes). Their function is infiltration.
Medium-sized pores, 0.05 mm to 0.75 mm in diameter. Figure E1-2. Types of soil pores 
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These micropores allow a medium rates of flow of water and air 
into the soil (within hours). Their functions are infiltration and 
allowing space for the growth of plant roots.

Small pores, 0.0005 to 0.05 mm in diameter 
These allow slow flow (over weeks) and are the major 

component of water storage for plant growth-the water-holding 
capacity. They also give space for the growth of small plant 
roots and space for microbial growth.

Very small pores, smaller than 0.0005 mm in diameter
These have no function. They  contain water, but the water 

cannot be used by plants as it is held too tightly by the soil. 
Poorly structured clay soils can have a lot of pores in this size 
range.

Bulk density and total porosity
Bulk density is a useful indicator of soil structure; it also 

helps to explain the importance of soil structure. Bulk density 
is the density of soil in an undisturbed state (as it is in the 
paddock) and is measured in tonnes of soil per cubic metre 
(t/m3). Solid rock weighs about 2.65 t /m3 (2.65 times the weight 
of an equal volume of water). A soil with good structure has 
about 50% pores and 50% solids and so has a bulk density of 
1.33 t/m3 (Figure E1–3). A loam soil that has been packed down 
as much as physically possible, with all the soil particles pushed 
together as close as possible, has about 28% pores or spaces 
within the soil, and has a bulk density of 1.90 t/m3. This soil 
would be great for holding water in an earth dam, but plant 
roots would find this soil very tough going.

DRAINAGE AND AERATION

Most plant roots must have air to grow effectively. When 
they have inadequate amounts of oxygen and/or too much 
carbon dioxide, they can stop growing, become susceptible to 
disease and die. The structure of the soil largely determines 
whether plant roots have enough oxygen and whether carbon 
dioxide can flow away from the roots (Figure E1–4). The 
aspects of soil structure that determine whether the soil has 
sufficient aeration are described below.

The saturation point of a soil occurs after a soil has been 
filled by a period of rainfall or after irrigation. When saturated, 
all or most of the pores in the soil are filled with water, so 
aeration is very poor. Once the soil has drained for about 
24 hours the surface is at field capacity, and is storing as much 
water as it can against the pull of gravity. Densely compacted 
layers in the soil can pond the water in the soil, keeping the 
layers near saturation and very poorly aerated. 

Densely compacted layers can occur naturally, as in dense 
clay subsoils that have sodic clays, or can be caused by 
farming operations that compact the soil at the depth of tillage. 
Smearing soils by tilling when wet can cause thin compacted 
layers to form where the tines have been in contact with 
the soil. These can cause problems for seed germination and 
establishment, as the seeds have poor aeration when water is 
ponded around them.

Figure E1-3. The composition of soil 

Figure E1-4. Plants need drainage and 
aeration. 
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Example 
A well structured loam soil can comprise about 14% air 

filled pores at field capacity, and as a general rule plants require 
at least 8% to 10% of the pores in the soil to be filled with 
air for good root growth. In this soil, because a soil with no 
impeding layers should drain to field capacity in 24 hours, the 
plant can make a quick recovery to optimum growth conditions 
from an otherwise low-oxygen, saturated-soil condition.

A poorly structured loam has only 8% air at field capacity, 
and plant growth recovers only slowly after saturation. 

A well structured loam also has a higher water-holding 
capacity and less plant unavailable water.

INFILTRATION AND WATER ENTERING THE SOIL

Water as rainfall or added in irrigation needs to enter the soil 
so that it can become available to plants, and to minimise runoff 
and erosion. How fast water can enter the soil is determined 
largely by the structure of the soil. A soil with good structure 
will allow all the rainfall to enter the soil through the surface, 
except in the most intense storms, or after prolonged rainfall 
when the soil is in a saturated condition (Figure E1–5). A 
soil with poor structure will allow water to enter the soil only 
slowly; this will cause run-off, so you will lose water that could 
have been used by the plant. 

Note that surface sealing and crusting associated with poor 
aggregate stability can rapidly reduce the infiltration rates of 
surface soils. The infiltration rates of sodic surface soils with 
more than 15% clay can be very low (less than 10 mm/h, 
sometimes even less than 5 mm/h). 

Typical infiltration rates 
Most winter rainfall in southern New South Wales falls at 

less than 10 mm/h, but storms in which the intensity of the rain 
can reach 40 mm/h or higher do occur. The long-term records 
suggest that storms of 60 mm/h can be expected to occur 
once in five years and 75 mm/h once in 20 years. Devastating 
soil erosion can occur during these rare events. Overall, it is 
recommended that surface infiltration rates of at least 10 mm/h 
should be maintained for most soils.

Figure E1-5. Good soil structure allows 
rainwater to enter the soil rapidly. 
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E2. Soil structure rating system
PURPOSE OF THIS CHAPTER

To explain how to assess and interpret soil structural conditions 
using information from the paddock. This is a good way to 
monitor the changes in the soil when trying new farming 
practices.

CHAPTER CONTENTS

• structure rating table

• how to rate your soil

ASSOCIATED CHAPTERS 

• C1. Examining the soil profile

• C5. Chemical soil tests

• D4. Maintaining and improving soil structure
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Table E2–1. Soil structure rating system 

FEATURES SCORE

Firm soil, moist Firm 0 (F0) Firm 1 (F1) Firm 2 (F2)
  Poor structure Moderate structure Good structure

Aggregate size (width Mostly more than  5 mm–50 mm wide Mostly less than
of natural sub-units produced  50 mm wide  5 mm wide
by moderate hand pressure)

Ease of fracture Difficult for spade or Moderate hand Parts readily into porous
 knife to penetrate; pressure needed to sub-units
 soil made up of large, part the blocks
 tightly fitting blocks;
 breaks like heavy
 dough or plasticine

New roots Very few new roots Medium number of new Prolific growth of new
  roots, but concentrated roots throughout the
  between the aggregates sample

Aggregate shape Massive, platy or Mixed shapes Many-faced, cube-with-
 shell-shaped  rounded corners; lens
   or wedge

Fracture faces Soil breaks along the Some natural separation Natural fracture planes
 line of force applied planes with shiny faces, dominate; most of the
 in any direction, into but most fracturing is faces are smooth and
 units with sharp corners; along the line of applied  shiny, although often
 internal faces have force, to produce  there are protruding,
 no protruding angular corners and  many-faced, round-
 sub-aggregates smooth, dull internal faces cornered aggregates

Peds within aggregates;  Fewer than 10% of the 50% of the breakdown More than 90% of the
proportion of smaller aggregates breakdown products  products are shiny-faced breakdown products
within aggregates revealed by are shiny-faced  aggregates are shiny-faced
rolling the sub-units between  aggregates  aggregates
thumb and forefinger

Porosity (internal porosity Porosity rating mostly 0  Porosity rating mostly 1 Porosity rating mostly 2
of smallest aggregates)

Colour of smallest aggregates Bluish Light grey or  Dark grey or
  slightly brown reddish brown

Extra notes for dry soil Requires a very strong Hard hand pressure Falls apart with light hand
 blow with an implement required to part the block pressure to produce
 to break the blocks,  small, natural aggregates
 revealing smooth, dull
 faces with sharp
 corners; flinty
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Table E2–1. Soil structure rating system continued 

FEATURES SCORE

Loose soil, moist Loose 0 (LO) Loose 1 (L1) Loose 2 (L2)
  Poor structure Moderate structure Good structure

Aggregate size At least half the soil At least half of the clods Comprised wholly of 
 mass is large, dense are larger compound natural aggregates that 
 and massive clods; aggregates that can be may be separate of 
 dull and smooth parted by moderate compound (very easily 
 fracture faces hand pressure into their parted by hand into their
  constituent natural constituent natural 
  aggregates aggregates). When
   broken, the aggregates
   separate along many-
   angled, often shiny faces.
   If shiny faces are not
   evident, the soil has 
   many, obvious pores and
   is friable

Aggregate shape Cube-shaped with Mixed shapes Many-faced, or cube-
 square, sharp edges,  shaped with rounded-
 or shell-shaped  edges

Porosity: internal porosity Porosity rating   Porosity rating  Porosity rating
of smallest aggregates mostly 0 mostly 1 mostly 2

Extra notes for dry soil A large proportion of As above, but compound As above
 large, hard, flinty aggregates are firmer;
 clods with sharp some are flinty
 edges

Reference: SOILpak structure score as modified by David McKenzie and Sue Greenhalgh. In Final Report to Cotton 
Research and Development Corporation. 

NOTES TO TABLE: STRUCTURE SCORE

In section 5 of the of the soil description sheets in Appendix 
4 of this manual there is room for you to record your overall 
assessment of soil structure from the various observations. Give 
single values or individual zones within the soil.

Use Table E2-1 (above) to choose a structure score. The table 
shows three scores for firm soil (F0, F1 and F2), and three 
scores for loose soil (L0, L1 and L2).

The scores are 0 (poor structure), 1 (moderate structure) and 
2 (good structure). These scores can be subdivided. 

Loose soil is soil that can be removed by scraping with the 
hand, a trowel or a spade  (not digging). It may be a loose 
seedbed, a loose tilled layer (even if cloddy) or a self-mulched 
layer. Very loose soil can be found at depth in association with 
salinity, which promotes fine aggregation.

Firm soil is soil below the depth of tillage, or below a natural 
loose self-mulched layer. It has aggregates that fit together along 
faces, and that require at least gentle hand force to lever them apart.

Firm soil is not necessarily compacted. Firmness is a natural 
state of the soil at depth, but surface soil may be firm if 
compacted, crusted or hardset.

When assessing a soil dominated by silt and fine sand (a soil that 
does not develop shiny faces), ignore all references to shiny faces.

Don’t forget to look at plant roots when assessing the soil 
structure. See Chapter C4.
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