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ENGINEERING MANUAL FOR PROBLEMATIC SOILS

IN SOUTHERN AFRICA

1. INTRODUCTION

This document serves as a manual on aspects of problem soils in South Africa, which may influence the design and economic appraisal of civil engineering projects performed by consultants on behalf of the Department of Public Works (DPW). The aim of the document is to provide consultants appointed by the Department of Public works with guideline information to ensure that problem soils are identified timeously, that appropriate design parameters are obtained and that applicable solutions to specific foundation conditions will be formulated to ensure successful execution of projects at the most economic costs.

It is, however, not the intention of this document to provide consultants with sets of rules that may be applied blatantly without due consideration of all the factors that will affect the design. The use of the information contained in this document shall not in any way relieve consultants of their obligations and responsibilities relating to professional liability.

It must also be noted that the consultant is obliged to obtain the detailed information as contained in the various references given in this document.

This manual covers the following aspects:

· Definition, identification and distribution of problem soils in South Africa.

· The effects of the different types of problem soils on infrastructure development including water supply and stormwater pipes, sewers, building structures, roads and dams.

· Suggestions on best practice alternatives to be considered in the design of infrastructure on problem soils and precautionary measures that may be implemented to mitigate the harmful effect of these problem soils on infrastructure.’
The problems related to areas underlain by dolomite does not form part of this manual. All work to be performed on dolomite, must be carried out according to the criteria as set out in the DPW Manual for Consultants – PW344 (Appropriate Development of Infrastructure on Dolomite (2006), which is available on their website (www.publicworks.gov.za)).

2.
SOIL ORIGIN
2.1
DEFINITION OF A SOIL
From an engineering point of view, a soil can be regarded as any uncemented or weakly cemented accumulation of mineral particles formed mainly by the weathering of rocks, with void spaces filled with air and/or water between the particles. The maximum unconfined compressive strength of a soil is 700kPa [2.1]
.

The origin of a soil at a specific location can be due to the weathering of in situ rock, transportation of materials or it can be man made. 

2.2
WEATHERING OF ROCK
The weathering products of rock depend mainly on the rock forming minerals (parent material), the climatic conditions under which they had formed and the time of exposure to weathering processes.

In arid conditions, the weathering of rock results mainly from mechanical disintegration through wind erosion and temperature changes. The resultant soil consists mainly of the original rock forming minerals without significant changes that have taken place of the mineral composition [2.3].

In warm humid conditions chemical decomposition is the dominant mode of weathering which may change the original rock forming minerals into secondary minerals within the zone of weathering. Minerals in this zone react with water, oxygen and carbon dioxide at atmospheric pressures to produce residual soils. The residual soils produced are a mixture of resistant primary minerals such as quartz, insoluble weathering products such as alumina or silica and new or secondary minerals such as clays. It may also contain soluble products such as chloride, sulphate and bicarbonate of sodium, potassium, magnesium, or calcium, which may subsequently be leached out.

Climate does not only determine the mode of weathering which is likely to take place, but also the rate of weathering. The effect of climate on the weathering process ( i.e. soil formation) is determined by the climatic N-value defined by Weinert [2.4]. A climatic N-value of > 5, is associated with arid regions, where mechanical disintegration is the predominant rock weathering mode and an N-value of < 5 is associated with the humid warm areas and a surplus of water, where chemical decomposition is the predominant rock weathering mode. Figure 2.1 shows the variation of the climatic N-value across Southern Africa.
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Figure 2.1 : Climatic N-Values (After Weinert 1980)
2.3
RESIDUAL SOIL
Residual soil is formed by the in situ decomposition (chemical weathering) or disintegration (mechanical weathering) of rock to a degree of softness which gives an unconfined compressive strength of the intact material of less than 700kPa [2.2]. Residual soil generally transitions with depth into the parent rock from which it had been derived.

The soil type or texture of a residual soil can usually be predicted from a knowledge of the mineralogical composition of its parent material. For example, residual granite comprises a silty or clayey sand, derived from the decomposition of feldspar and quartz, while igneous rocks such as dolerite or basalt decompose mostly to form an expansive clay.

Deep residual soils are usually found in areas of relatively high rainfall in the eastern areas of South Africa, where the Weinert N-value is less than 5 and chemical weathering is dominant. Shallow bedrock with a thin cover of residual soil is usually found in the arid  western areas of South Africa, where the Weinert N-value is more than 5 and mechanical disintegration is dominant.

The most general rock types and potential soil types formed due to weathering are listed in Table 2.1 [2.2].

Table 2.1 : Origin of Residual Soils
	Parent Rock Type
	Examples of Rock Types
	Type of Material Formed
	Associated Engineering Impact

	Acid Igneous Rocks
	Vein quartz,

Pegmatite,

Rhyolite,

Aplite,

Granite
	Clayey sand or sandy clay (often mica-rich); clayey gravel; corestone; gravel, cobbles and boulders
	Collapsible grain structure;

dispersive soil; sand “boils”, high permeability; high erodibility; good compaction and workability

	Basic Igneous Rocks
	Basalt,

Dolerite,

Andesite,

Diorite,

Norite,

Pyroxenite
	Clay (turf); silty clay changing to sandy clay with depth; corestones; gravel, cobbles and boulders
	Expansive clay; low shear strength semi- to impervious soil; poor compaction and workability; unstable slopes; uneven bedrock surface.

	Calcareous Rocks
	Calcrete,

Limestone,

Marble,

Dolomite
	Wad; silty or sandy clays; clayey or sandy gravel; angular gravel, cobbles and boulders; large floaters of dolomite
	Cavities, sinkholes and dolines; hard rock bands with interbedded loose or soft layers; highly erodible; highly porous; fair to good compaction and workability; troughs and pinnacles; extremely uneven bedrock surface.

	Argillaceous (clayey) Sedimentary Rocks
	Claystone

Mudstone,

Siltstone,

Shale,

Coal
	Clay, silt, silty clay
	Expansive clay; low shear strength; high settlement; slaking on exposure; semi- or impervious soil; dispersive soil; poor compaction or work​ability; unstable slopes.

	Arenaceous (sandy) Sedimentary Rocks
	Sandstone,

Conglomerate,

Tillite,

Chert
	Clayey sand or gravel; cobbles, boulders or rubble
	Expansive clay from tillite; pervious to semi-impervious soil; high erodibility; good to excellent compaction and workability.

	Metamorphic Rocks
	Marble,

Slate,

Hornfels,

Quartzite,

Schist,

Gneiss,

Anthracite
	Clay, silt and sand angular gravel, cobbles or boulders
	Low shear strength; unstable slopes; semi-pervious to impervious soil; poor to good compaction and workability.


2.4
TRANSPORTED SOILS
Transported soil is soil which has been transported by a natural agent (water, wind or gravity) during relatively recent geological times and which has not undergone lithification into a sedimentary rock or cementation into a pedogenic material.

The most common transported soils, agents responsible for their deposition and most probable soil type are listed in Table 2.2 [2.2].


Table 2.2 : Origin of Transported Soils
	Transported

Soil Type
	Transport​ation Agent
	Source Rock
	Soil Type
	Problems to Anticipate

	Talus (coarse colluvium)
	Gravity
	Any rock outcropping directly above talus deposit
	Unsorted angular gravel and boulders within sandy soil matrix
	Slope instability

	Hillwash

(fine colluvium)
	Sheetwash
	Acid crystalline

Basic crystalline

Arenaceous sedimentary

Argillaceous sedimentary
	Clayey sand

Clay

Sand

Clay or silt
	Collapsible grain structure

Heave

High compressibility

	Alluvium or gulley wash
	Streams or gulleys
	Dependant on catchment 
	Gravel, sand, silt or clay
	All possible problems, including dispersivity and erosion

	Lacustrine deposit
	Stream depositing in pan, lake or subterranean pool in cavernous rock
	Usually mixed source
	Sand

Silt

Clay
	Heave or high compressibility

	Estuarine deposit
	Rivers and tides
	Mixed
	Sand

Silt

Clay
	Quicksand

	Aeolian deposit
	Wind
	Usually mixed source
	Sand
	Collapsible grain structure

	Littoral deposit
	Waves
	Mixed
	Beach sand
	Collapsible grain structure


2.5
PEDOGENIC MATERIAL
Ferricrete, calcrete and silcrete refer to soils which have become cemented by iron oxide, calcium carbonate and silica respectively. The development of pedogenic materials is classified in terms of five development stages, namely initial precipitation within a soil, powder form, nodules, honeycomb and hardpan [2.4].

2.6
PROBLEMATIC SOILS 

Certain soils present problems to civil engineering developments due to the specific conditions in which these soils occur. These soils are known as problem soils and the following soil types have been identified:

· Collapsible soils causing damage due to differential settlement.

· Expansive clays, causing damage due to continual heave and shrinkage. 

· Soft clays causing damage due to compressibility.   

· Dispersive soils causing damage due to erosion of colloidal particles.

· Pedogenic materials causing problems due to variable conditions.
· Slope instability causing problems due to variable conditions.

2.7
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3. INVESTIGATION CRITERIA

3.1
INTRODUCTION

In the process of supplying accommodation and infrastructure on sites for all its client departments, the National Department of Public Works (NDPW) in general appoint a team of building professionals to plan, design and then supervise the execution of the work. On every one of these sites where new structures are to be erected, a geotechnical investigation must be undertaken to establish or obtain adequate and reliable geotechnical information of subsurface conditions at a sufficiently early stage of the planning process.

3.2
NEED FOR A POLICY

· To ensure that geotechnical investigations and reports executed by or for the Department comply with the standards as required by the NDPW.

· To define the scope of geotechnical work to be undertaken by the engineer.

· To provide a basis for the monetary costs associated with the geotechnical investigations.

3.3
OBJECTIVES OF THE GEOTECHNICAL INVESTIGATION

The principal objectives of the geotechnical investigation are:

1) to assess the general suitability of the site for the proposed works;

2) to the appointed civil and/or structural engineer to be able to choose and design an economical and technically sound foundation system;

3) to prevent possible difficulties, delays and additional expenses during construction due to inadequate geotechnical information;

4) to obviate expensive foundation failures or overdesigns;

5) to prevent potential contractor claims based on inaccurate and/or inadequate geotechnical information; and

6) to advise on the availability and suitability of local materials for construction purposes.

3.4
THE GEOTECHNICAL INVESTIGATION

Inadequate information on the expected ground conditions can lead to incorrect design assumptions and mistakes. Problems associated with the ground encountered can lead to cost over-runs, longer construction periods and possibly expensive litigation. It is essential, therefore, to find out as much as possible about the site and its ground conditions by carrying out a thorough site investigation.

The information obtained through this investigation is then used to assess the suitability of the site for designing and constructing the proposed works with regard to stability, serviceability, ease of construction, and acceptable performance balanced by concern for safety, economics and the environment.

It is the responsibility of the appointed civil/structural engineer to arrange for this investigation to be executed. Only after the final positions of all buildings have been resolved must be decide on the number and positions of trial holes that must be excavated/augered and the type of tests (laboratory on soil samples and/or in-situ) that must be done. This decision will be affected by the nature of the project (its size and the structural system used) and the expected soil conditions and parameters. This expected soil model must be established through a desk study of the geology of the area, history of the adjoining sites/buildings, discussions with the city engineer of the city/local council, and experience. The consultant can also contact the Departmental Geotechnical laboratory regarding details of investigations already undertaken on other government sites in close proximity.

The engineer must then prepare bidding documents for all the services necessary for the geotechnical investigation to proceed. This will primarily be a bidding document for trail holes to be dug/augered and a bidding document for the tests (laboratory or in-situ) that needs to be undertaken. These bidding documents must also be accompanied by the names and contact details of three prospective suppliers of the typical services required. It is a requisite that in the case of civil engineering materials testing laboratories the prospective laboratories be accredited to the South African National Accreditation System. This will mean that the laboratories are managed and operated according to the criteria and standards of the ISO/IEC 17025: General Requirements for the Competence of Testing and Calibrations Laboratories.

The bidding documents and list of prospective service providers must be forwarded to the Project Manager of that service who will then arrange for the appointment of a successful service provider(s) by adhering to and applying the Departmental procurement policy.

Annexure B of SANS 10161-1980, Code of Practice for the design of foundations must be used as directive in the preparation and execution of the geotechnical investigation. In the process of establishing the consistency of the soil, which is often used to estimate bearing capacity, it is recommended that provision be made for additional factual testing (DCP or SPT penetration testing) rather than by visual assessment only.

Trial holes excavated by backhoe must preferably not be positioned in the structure footprint area to avoid leaving a disturbed zone where proposed foundations will be placed. If this is unavoidable allowance must be made for the rehabilitation of these excavations to the original in-situ density. The engineer must also ensure that the trial holes do not interfere with existing services.

Safety procedures when profiling and sampling in trial holes are extremely important. All investigation work with trial holes, whether excavated or augered, must be carried out in accordance with the SAICE Code of Practice for the safety of persons working in small diameter shafts and test pits for civil engineering purposes (1990) as well as the relevant requirements of the Occupational Health and Safety Act No. 85 of 1993.

3.5
THE GEOTECHNICAL REPORT

On completion of the investigation, the engineer/engineering geologist must prepare the geotechnical report and submit a copy for scrutiny and comments by the Departmental professional. This copy will be for the safekeeping and records of the Departmental Geotechnical laboratory.

The report must be separated into two parts namely the factual part and the interpretative part. The factual part will comprise all the factual information collected during the investigation plus a written section dealing with an introduction, scope of the work and ground conditions encountered. The factual information such as the site plan showing trial hole positions, profiles and test results will be included in appendices. Here again Annexure B of SANS 10161-1980, must be used as directive in the systematic assessment of the engineering properties of the soils.

The interpretative part must condense all of the information gathered, together with calculations and analyses, into advice and recommendations concerning the design, construction, and potential risks involved with reference to the purpose of the proposed scheme. Any general hazards should be identified such as swelling, shrinking and collapsible soils, subsidence, landslides, unfavourable rock dips, etc. followed by discussions on the various options with finally recommendations on the most economic foundation system to use. Recommendations must be fully motivated with cost comparisons where necessary.

3.6
COST AND PAYMENT OF THE GEOTECHNICAL INVESTIGATION

On completion of the geotechnical investigation, the procedure of interpretation of the test results, the calculations, analyses and findings and the preparation and compilation of the geotechnical report all form part of the design of the foundation system for that specific project. It forms part of the consulting engineer’s duties under his appointment and no additional fees can be claimed for this work. The appointed consulting engineer must realize thus that if he wants to make use of a separate geotechnical adviser (for whatever reason) the professional cost of this exercise will be for his account.

For the time spent on preparing the bidding documents and time spent on site during the investigation, the appointed consulting engineer will be remunerated on a time basis.

4. COLLAPSIBLE SOILS

4.1
DEFINITION
A soil with a collapsible grain structure may be defined as a soil which can withstand relatively large imposed stresses with small settlements at a low in situ moisture content, but will exhibit a decrease in volume and associated additional settlement with no increase in the applied stress if wetting up occurs. The change in volume is associated with a change in soil structure (collapse of grain structure) [4.4].

Colloidal coatings which adhere to individual soil grains provide intergranular bonds and thus an apparent strength to the soil at low moisture content, but this apparent strength diminishes when the moisture content increases.

In South Africa, collapse settlement is the term applied to the additional settlement which occurs due to the wetting up of a partially saturated collapsible soil under load. The basic concept of collapse settlement is illustrated in Figure 4.1.

This phenomenon must not be confused with classical consolidation, since no water is dissipated from the soil, but in fact the soil will absorb water and progressively loose strength.

4.1.1
Conditions to be Satisfied Before Collapse Settlement can Occur
For collapse settlement to occur, a number of conditions must be satisfied [4.4]:

· The soil must have a collapsible fabric. This occurs in any open textured silty or sandy soil, with a high void ratio (low dry density, i.e. <1500kg/m³) and a relatively high shear strength at a low moisture content due to colloidal or other coatings around individual grains. This is common in transported soils and in areas where quartz rich rocks (i.e. granite or felspathic sandstone) have ondergone chemical weathering to produce intensely leached residual soils.

· An initial condition of partial saturation must be present. Collapse settlement will not occur in soils with a collapsible grain structure below the water table. There appears to be a critical degree of saturation above which collapse will not occur [4.3] and some form of relationship exists between the critical degree of saturation and particle size distribution or percentage fines (particle size smaller than 0,075mm).

· There must be an increase in moisture content. This is the triggering mechanism for collapse to occur. With an increase in moisture content the bridging colloidal material undergoes a loss of strength and the soil grains are forced into a denser state of packing with a reduction in void ratio. The rate of collapse is dependant on the rate of increase in moisture content - quicker if the soil is free draining and slower if the soil is not free draining.

· Collapsible soils need to be subjected to an imposed pressure greater than their overburden pressure before collapse will take place [4.3].
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	FIGURE 4.1  :
	The basic concept of additional settlement due to collapse of soil grain structure after Schwartz, 1985 [4.4]


4.2
DISTRIBUTION
4.2.1
Transported Soils
Most windblown (aeolian) sands commonly exhibit a collapsible grain structure. These sands are mostly concentrated in the arid western areas of South Africa. Other transported soils may in a lesser degree also have a collapsible grain structure in specific conditions and may include: hillwash (or colluvium), gulleywash, littoral deposits and biotic reworked soils. This is usually not found on steep slopes or in low-lying areas.

The distribution of transported aeolian sands is shown in Figure 4.2 [4.3].

4.2.2
Residual soils
The most well-known occurrence of collapsible grain structure is within the residual soils derived from the granite of the Basement Complex, especially in the eastern humid areas of South Africa.

During the weathering process, quartz remains unaltered in the form of sand grains, mica remains partially unaltered and the felspar becomes kaolinised by the chemical reaction with water charged with carbon dioxide. In areas of relatively high rainfall and conditions conducive to leaching, the colloidal kaolinite is largely removed in suspension by percolating groundwater, leaving behind a soil with a collapsible grain structure. This is commonly confined to ancient erosion surfaces which have been protected from denudation in subsequent erosion cycles on crests and marginal slopes of the African and pre-Karoo erosion surfaces. Residual granite above the 1500m contour elevation is likely to have a collapsible grain structure. Areas of annual water surplus and Weinert N-value less than 5, such as Tzaneen, White River, Nelspruit, Mbabane, Johannesburg-Randburg-Sandton are well-known for problems with collapsible soils.

A summary of the occurrence of collapsible grain structure within residual soils is presented in Table 4.1 and in Figure 4.2. All these areas fall within or close to areas of annual water surplus, where the Weinert N-value is less than 5, indicating the importance of chemical decomposition and leaching in the formation of collapsible soils [4.4].

	Map

No.
	Geology
	Location
	Ref.

	1
	Granite and gneiss of the Basement Complex
	Tzaneen-White River-Nelspruit, Johannesburg-Randburg-Sandton
	4.1

	2
	Quartzite of the Magaliesberg Formation, Pretoria Group, Transvaal Supergroup.
	Pretoria, 

Boschdal-south of Rustenburg
	4.1

	3
	Felsite of the Rooiberg Group, Bushveld Complex, 
	Witbank
	4.4

	4
	Basalt of the Sibasa and Nzhelele Formation, Soutpansberg Group,  
	No specific location
	4.4

	5
	Granite of the Cape Suite
	Stellenbosch-Constantia
	4.4

	6
	Felspathic sandstone of the Clarens and Elliot Formations, Ecca Group, Karoo Supergroup. 
	Northern Free State
	4.4

	7
	Dolerite sill intrusive into shale of the Pretoria Group, Transvaal Supergroup.
	West Rand
	4.4

	8
	Berea Red Sands, residual from Quaternary calcarenites.
	Durban area
	4.4



Table 4.1:    Residual Soils exhibiting a collapsible grain structure
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Figure 4.2 : The Main Distribution of Collapsible Sands

4.3
IDENTIFICATION
Soils with a collapsible fabric can be identified in the field and/or by laboratory tests.

4.3.1
Field Observation
(a)
Correct recording of the soil profile
If the following are present within the soil profile, a soil with a collapsible fabric can be expected:

· Moisture condition: dry to slightly moist, indicating partial saturation.

· Consistency: medium dense to dense, indicating apparent strength.

· Texture: pinhole voided or open grain structure.

· Colloidal coatings may be identified under a hand lens.

· The origin of the soils (i.e. transported, residual granite or quartzite, etc.).

(b)
Simple field tests
Sausage Test [4.4]:

Two undisturbed cylindrical samples (sausages) of the same diameter and length (volume) are carved from the soil. One sample is then wetted and kneaded to form a cylinder of the original diameter. A decrease in length when compared to the original, undisturbed cylinder will confirm a collapsible grain structure.

Trial Pit:

A similar reduction in volume may be observed by proper backfilling a pit or a trial hole. If the soil has a collapsible grain structure, the excavated material will fail to fill the pit completely.

Observation of Existing Structures:

In areas where development has already taken place the most significant field evidence is the presence of cracking and distortion of existing buildings. An evaluation of the crack pattern and history must be undertaken in association with a knowledge of the soil profile.

(c)
In situ testing
The vertical plate bearing test may be used to obtain a comparison of the stress-deformation curves or modulus of compressibility of a soil at natural in situ moisture content and in a saturated condition. Some method of saturation of the soil during the test is therefore required.

4.3.2
Laboratory tests
(a) Particle size distribution and dry density 

A collapsible grain structure is generally associated with silty or sandy soils of low clay content, which can be identified through particle size analysis and Atterberg limit tests. Collapsible soils also often have a low in situ dry density of less than 1500kg/m³. However, not all soils with a low dry density are collapsible and even soils with a high dry density may collapse.

These test methods should be considered only as index type tests, which may assist in the identification of potentially collapsible soils and possibly the depth to which these soils occur in the soil profile.


(b)
Collapse Potential Test
A laboratory test is performed on an undisturbed soil sample in an oedometer. A sample is cut into the oedometer ring and a consolidation test is carried out with the sample at the natural moisture content. Loads are applied incremently up to 200kPa [4.1]. When no further compression occurs at 200kPa, the soil specimen is inundated with water and allowed to stand for 24 hours. Thereafter the consolidation test is continued to its normal final load. A typical example of the test result is given in Figure 4.3.
It follows from the above graphical presentation that a reduction in void ratio (∆ec) occurs upon inundation without a change in the applied load. The Collapse Potential (CP) is then defined as

	CP (%) =
	∆ec
	 x 100

	
	1 + e0
	



where
∆ec
:
change in void ratio at 200kPa, upon wetting.




e0
:
initial void ratio.

This test is a guide or indicator test only to determine the potential for collapse settlement to occur and is merely a qualitative indication of the severity of the problem. The CP can not be used to determine the expected settlement at specific applied loads other than 200kPa.

(c)
Double Oedometer Test
To quantify collapse settlement a double oedometer test needs to be performed. For this test, two undisturbed samples of the same material obtained from the same location and depth are cut into oedometer rings. Each sample is placed under a seating load and left for 24 hours. After this period, only one of the samples is inundated for 24 hours and both tests are continued and completed in the normal manner (i.e. one sample at natural moisture content and the other saturated). The results of the two tests are plotted on the same graph of void ratio (e) against the logarithm of the applied pressure [4.1].
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FIGURE 4.3 : Collapse Potential Test: Typical Result

Typical curves for normally and over-consolidated soils are given in Figures 4.4 and 4.5 respectively. The correct interpretation of the test results is very important, particularly the procedures to allow for different initial void ratios of the two undisturbed samples and to adopt the correct interpretation for normally and over-consolidated soils.

Methods to treat the variation in initial void ratio have been proposed [4.6], [4.4], but caution is required to ensure correct interpretation.

Virtually all transported soils with a collapsible grain structure are normally consolidated [4.7]. Certain residual soils (particularly granitic soils) may be over-consolidated. An assessment must be made as to whether the material is normally or over-consolidated. This is done by determination of the overburden pressure (p0) and the preconsolidation pressure (pc). If the over-consolidation ratio (pc/p0) is <1.5, the material is assumed to be normally consolidated and if pc/p0 is >1.5, the material is assumed to be over-consolidated.
[image: image7.jpg](eg)y
(eg)

log p kPa

adjustment of natural
e>~<mo$sxure content curve
5
Ae,
[N

\\'\ soil at natural

Aeg T\ maisture content

inat1kPa

collapse

sail soaked after 24hr bedding




	FIGURE 4.4   :
	   Interpretation of the Double Oedometer Test:

   Normally Consolidated Soil


[image: image8.jpg](eg)|
(o))

/ cnl!apse

soil soaked after
24 hour bedding in
at1kPa

soil at natural
maisture content

adjustment to natural
moisture content curve




	
	


FIGURE 4.5 :
Interpretation of the Double Oedometer Test:

Over-consolidated Soil
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5.
EXPANSIVE SOILS
5.1
DEFINITION
Soils in which variations in moisture content result in volumetric change, i.e. swell or shrinkage of the soil skeleton are defined as expansive soils. These soils are the most commonly occurring of the problematic soils in Southern Africa.

5.2
COMPOSITION AND MODE OF FORMATION
To understand the behaviour of expansive (heaving) clays, it is necessary to know their basic structural units and formation. The basic structural units of most clay minerals consist of composite layers built from silica tetrahedron and alumina octahedron sheets [5.1]. The various clay minerals are formed by the stacking of combinations of the basic sheet structures with different forms of bonding between the combined sheets. The different clay groups are differentiated by their basal spacing. However, some clays can change the basal spacing as they can vary their layer spacing. This occurs with the intercalation of water, causing swell. Alternatively dehydration occurs, causing shrinkage.

The mode of formation of clay varies between the non-expansive and the expansive clays. The most commonly occurring non-expansive clay is kaolinite, which has a 1:1 lattice type clay mineral (i.e. one silica tetrahedron sheet and one alumina octahedron sheet) [5.10]. These non-expansive clays will typically form by the decomposition of the minerals in rocks in regions of high temperature and rainfall. The high rainfall removes the bases from the clay as soluble compounds, leaving behind a residue of silicates in which kaolinite is dominant. 

In areas with low rainfall or impeded drainage, chemical weathering becomes less prevalent and the soluble bases are not leached from the soil. This leads to the formation of 2:1 lattice expansive clay minerals, of which montmorillonite is the most common, consisting of two tetrahedron sheets combined with one octahedron sheet. Water molecules enter between the successive sheets and it is the change in this water content which causes expansion or shrinkage of the sheet structure and hence of the soil mass.


5.3
DISTRIBUTION
Expansive or heaving clays can occur as either residual or transported materials and are the most widespread of the problem soils in Southern Africa. In residual soils the expansive clay originates from the in situ chemical weathering of rock, or in transported soils where the expansive residual soil has been removed from its in situ position by wind, water, gravity or ice and deposited in another location [5.10].

5.3.1
Transported Soils
· Alluvium: Deposited by streams from a variety of rocks in the catchment area (e.g. Vereeniging clay adjacent to the Vaal River).

· Lacustrine deposits: Formed by stream depositing from a mixed source deposited in a pan, lake or vlei.

· Gulleywash: Formed from material from the local catchment which may contain a variety of expansive soils. For example the black clay in the Pretoria Moot area.

· Hillwash (or fine colluvium): Formed by sheetwash, but less commonly expansive. Although active material could be transported from weathered basic igneous or argillaceous rock.

5.3.2
Residual soils
A summary of the main occurrences of expansive clays within residual soils is presented in Table 5.1 and their regional occurrence is indicated in Figure 5.1 [5.3].

	Map. No.
	Residual Soil
	Geology

	1
	Norite of the Bushveld Igneous Complex - often referred to as “black turf”.
	Basic Igneous Rocks



	2
	Dolerite of the Karoo Supergroup
	

	3
	Andesite or dolerite in the Pretoria Group, Transvaal Supergroup.
	

	4
	Lavas (andesitic) of the Ventersdorp Supergroup.
	

	5
	Shale and mudrock of the Ecca and Beaufort Group, Karoo Supergroup.
	Argillaceous Rocks



	6
	Shale, mudrock, tillite and varvites of the Dwyka Formation, Karoo Supergroup.
	

	7
	Cretaceous marine formations (Port Elizabeth and Uitenhage)
	



Table 5.1 : Residual soils prone to expansiveness [5.10]

5.4
IDENTIFICATION
5.4.1
Field Observation [5.3]

(a)
Indicators
Indicators that should serve as a guide that expansive clay may be present, include cracking of existing structures, fissures in the ground surface and a history of problems in roads and other services.

· Cracks due to expansive clays commonly occur towards the centre of affected structures although cracks may also occur towards the outside of the structure, adjacent to leaking services or near areas of poor drainage. Cracks due to heave are usually closed at the base and wide towards the top.
· Deep open fissures or shrinkage cracks in the natural soil during dry weather and a sticky, slow draining soil during wet weather. In test pits examined a few hours after being opened up, expansive clay layers will exhibit a crazed pattern of cracks upon drying out.
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Figure 5.1 : Regional Distribution of Expansive Clay

(b)
Correct recording of the soil profile [5.1]
It is essential that the soil profile in test pits is recorded correctly according to the accepted standard procedure [5.11] by describing the following aspects for each soil layer:

Moisture: The moisture content of clay is significant in that it gives an indication of the increase in moisture content that can be expected. Care must be taken as recent rainfall, inundation from broken services, etc. can be misleading. Ideally a freshly excavated test pit or trench should be profiled or at least a fresh surface exposed.

Colour: Heaving clays are often black, dark grey, dark red or mottled yellow-grey.

Consistency: Can range from very soft to very stiff. Although not indicative of a heaving clay this is important for bearing capacity determination.

Structure: Is a useful indicator of heaving clay. These clays are often slickensided (i.e. shiny joints which are often striated), fissured (i.e. closed joints between fragments) or shattered (i.e. open joints between fragments). Care should be taken, however, that the absence of such indicators do not preclude the soil from being expansive. If a heaving clay remains fully saturated in situ it may appear intact but it still has the capacity for shrinkage to occur and subsequently to heave.

Soil type: Usually clay, but may be silty or sandy and even gravelly clay.

Origin: As indicated in Section 5.3.


(c)
Simple field tests
All expansive soils have a high clay content. A clay can be easily identified from a soil sample as follows [5.3]:

· Select a lump of dry soil and try to break it between the fingers. If the soil breaks into smaller lumps rather than a fine powder, it is probably a clay. In general, the stronger or more plastic clays tend to be more expansive.

· The individual clay particles cannot be identified by the naked eye and when the clay is clenched between the teeth, it feels like butter and not gritty.

· Wet some soil until it can be easily moulded. If the soil can be rolled into a thread of 3mm to 4mm diameter and to approximately 20mm long without breaking, the soil is a clay and may be expansive. If over-wetted, the residue of clay will stick to the hands and can not be brushed off but requires washing off with water.

(d) In situ tests [5.1]
· Free swell tests is conducted by installing a number of leveling points on the surface, recording the levels of these points and introducing water into the profile via holes drilled into the ground or by ponding water on the surface. The levels of the same points are then recorded after a couple of days. Alternatively level observations are made on an area covered by an impermeable membrane.

· Soil suction measurements are taken by installing psychrometers in the face of an auger hole at regular intervals over the full depth of the hole. These measurements are usually compared with suctions observed on samples of material cut from the sidewall of the hole where the stresses imposed by the surrounding ground have been removed.

· Dry out the sample and then break it down to coarse sand size (2mm). Place this material in a glass vessel (measuring cylinder, jug, bottle, etc.), lightly tamp it, and mark the level of the upper surface on the vessel. Then add water, taking care that the whole sample is wetted. After an hour, again observe the position of the upper surface and, if there has been an increase in volume, classify the soil as potentially expansive and conduct more specific laboratory tests to predict the actual amount of heave that may occur.

5.4.2
Laboratory Tests


(a)
Indicator Tests

Disturbed samples of soil can be tested in a soils laboratory to determine the following parameters [5.10]:

Grading analysis:
This is performed by mechanical sieving to determine the percentages of soil fractions passing a set of standard sieve sizes to a minimum opening of 0,075mm. A hydrometer analysis, which uses the Stokes Law to determine the particle size distribution to 0,002mm. The classification of soil types according to particle size is shown below.

	Boulders
	Cobbles
	Gravel
	Sand
	Silt
	Clay

	
	
	Coarse
	Medium
	Fine
	Coarse
	Medium
	Fine
	Coarse
	Medium
	Fine
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	200
	60
	20
	6
	2
	0.6
	0.2
	0.06
	0.02
	0.006
	0.002
	

	

	PARTICLE SIZE (mm)


The clay content is defined as the percentage of material smaller than 0,002mm. However, it should be noted that some silts may also exhibit expansiveness.

Atterberg Limits:
The fraction passing the 0,425mm sieve size is used to determine the Atterberg limits, i.e. liquid limit (LL), plastic limit, which is used to determine the plasticity index (PI) and shrinkage limit (SL). The PI is a measure of the plasticity of the clay and may vary from zero to >75%. A clay with PI<12 is normally regarded as having low expansiveness, 12%>PI<23% as medium expansiveness and PI>23% as high expansiveness. The SL is also an indicator of expected activity of the clay.

(b)
X-Ray Diffraction (XRD)
An XRD analysis can be performed of a clay sample to identify the specific clay minerals present and therefore whether the clay can be expected to be expansive or not.

(c)
Swelling Pressure Testing

Swelling pressure is that pressure which an expansive soil sample exerts in confined conditions (i.e. zero volume change), when the moisture content is altered from the initial moisture content to a moisture content corresponding to 100% saturation [5.7].

In general, two laboratory test methods can be used to determine the swelling pressure and both tests are performed in an oedometer. The methods include the “swell under load” method and the “constant volume” method.

Swell under load:

Four samples of the same undisturbed block sample are placed in the oedometer at the in situ moisture condition and then gradually inundated with water over a 20 minute period. Each sample is then loaded, covering a stress range of 1kPa (free swell) to 100kPa. The change in height of the sample is measured and readings are taken until equilibrium is reached. Figure 5.2 shows typical test results, from which it is evident that a best fit straight line is drawn through the test values. Two numbers on this graph are important, viz.

Swelling pressure
:
intercept of the best fit line with the horizontal axis

Free swell
:
intercept of the best fit line with the vertical axis.

The swelling pressure gained from this test can be considered as the pressure which, if it were applied to a soil (at the given dry density and moisture content) would prevent volume change of the sample upon saturation [5.4]. The advantage of this test method is that the duration of each test terminates upon reaching equilibrium under each load, but as several samples are tested, any variability in the samples will result in variation in the test results.

Constant volume method:

A single undisturbed sample is consolidated under a small seating load. The sample is then saturated. Volume change is prevented by increasing or decreasing the applied pressure until equilibrium is reached. The final applied pressure which was required to prevent any volume change upon saturation is the swelling pressure. Typical results are given in Figure 5.3. The disadvantage of this test is the response time of the soil to increases in pressure.
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	FIGURE 5.2  :
	Swell under load: Typical results (after Williams, 1985)
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	FIGURE 5.3  :
	Constant volume: Typical results (after Fourie, 1991)


 (d)
Free Swell Testing
Free swell is the percentage volume change that would occur in a sample if it were allowed to swell under 1kPa from an initial desiccated condition to full saturation. The suggestion is that the initial moisture condition of the sample should be equal to the moisture content at the shrinkage limit. The two most frequently used methods to determine free swell are with the oedometer and with Pidgeon’s lump test.

Free swell/free swell and load in the Oedometer:

An undisturbed sample is placed in the oedometer at its in situ moisture content. It is then saturated and placed under a pressure of 1kPa. The swell (change of height of the sample) is recorded and the maximum swell under the 1kPa stress is taken as the free swell. This test can be extended by allowing equilibrium to take place under the 1kPa pressure and then adding loads to increase the pressure in convenient increments. After each pressure increment the sample is allowed to consolidate fully before the next pressure is applied. A graph can be drawn of height or void ratio against pressure (Figure 5.4).

Pidgeon’s Lump Test (1987):

In the lump test the change in dry density with a change in moisture content is determined and from this the volumetric swell can be calculated. Five to six lumps should be broken from the same undisturbed block of clay or six lumps should be taken in situ and wrapped individually until testing. The in situ moisture content and dry density should be determined from one of the lumps. The remainder of the lumps should be either allowed to dry out or wet up. the success of this test depends on the choice of how many samples to wet up and how many to dry out, which should depend on an initial estimation of the in situ mositure content of the soil. For example, if the in situ soil is close to saturation, it is prudent to dry out three samples and wet up one. The typical results, along with a graph of dry density against moisture content is given in Figure 5.5.

The percentage volume change of the soil is calculated by 


∆ V / Vi % = [ (gdi / gdf) – 1] 100


Where
Vi
:
1 cubic metre of soil




gdi
:
dry density of the soil corresponding to the dry density at the initial moisture content




gdf
:
dry density of the soil corresponding to the final moisture content  
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	FIGURE 5.4  :
	Free swell/swell under load: Typical results
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	FIGURE 5.5  :
	Lump Test   :   Typical results


5.5
PREDICTION OF EXPECTED HEAVE

5.5.1
General

Due to the cost of damage to structures and infrastructure caused by heaving clay, it is important to design such elements to minimise the effects of heaving and therefore to quantify the expected heave.

The expansion of shrinkage of clay is controlled by the variation in the moisture content of the clay. The wet and dry weather cycles are variable and changes in soil moisture due to leaking subsurface wet services, the presence of trees and shrubs, etc. are unpredictable. The variation in the moisture content of the clay is therefore not uniform across any site. This leads to different heave across structures. Most methods to predict expected heave calculate the total heave due to the moisture change from dry to wet and assumptions must then be made by the designer about the differential heave that will be applicable to the specific site conditions.

Several methods exist to determine the expected heave of a clay soil of which some are sophisticated and others are relatively simple to use. The choice of which method(s) to use rests with the design professional, provided that the user is acquainted with the limitations of the method(s) to be used. However, it is always good practice to determine the expected heave by applying more than one method.

5.5.2
Prediction Methods
(a) Direct Methods

The results of the swelling pressure and free swell tests can be used to determine the expected heave.

(b)
Empirical Methods

Van der Merwe (1964) [5.9]:

This method is undoubtedly the most widely used method in South Africa to predict expected heave. This method is simple to use and is based on the results of indicator tests. However, the method was originally developed for clays on the Highveld.

Parameters required are the Plasticity Index (PI), the percentage material passing the 0,425mm sieve and the clay content. On the Van der Merwe’s swell prediction chart, the PI of the whole sample (PI × (% passing 0.425mm sieve/100)) is plotted versus the clay content (% of material smaller then 2(m) to determine the heave potential of the clay as either low, medium, high or very highly expansive. It should be appreciated that this heave potential is the potential total heave for a moisture change from dry to saturated. The actual in situ moisture content should therefore also be considered.

To quantify the expected heave, the percentage heave is read off the graph (Figure 5.6) and a depth factor from Figure 5.7 is applied. The depth factor is used to make provision for a reduction in heave with depth due to decreasing moisture penetration and a decrease in heave due to the inherent overburden pressure. 
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	FIGURE 5.6  :
	Van der Merwe’s potential swell prediction chart


[image: image15.jpg]



	FIGURE 5.7 :
	Nomogram for estimating the total potential heave

likely to be experienced in expansive soils

(After Van der Merwe and Savage, 1979)


Weston (1980) [5.8]:

To determine heave, this method is based on the Liquid Limit (LL) and consideration of the moisture changes that are likely to occur in the soil.

Swell (%)
=
0,00041 (WLW)4.17 (P)-0,386 (mci)-2,33 where

WLW
:
weighted LL (i.e. LL x % passing 0,425mm sieve/100)

P
:
vertical pressure in kPa under which swell takes place

mci
:
initial moisture content (%)

Brackley (1979) [5.2]:

This empirical equation makes provision for the influence of the density of soil, in order to determine the Swell (%).

Brackley (1980) [5.12]:

The 1980 heave prediction method of Brackley relies on measurement of the soil suction in the expansive layer. As this is not normally done for foundation investigations and services investigations, the method is not discussed here, but can be studied in Brackleys 1980 paper [5.12].

Pidgeon (1987) [5.6]:

Proposed empirical relationship for the determination of free swell and swelling pressure:

Free swell (%)
=
0,732PIw + 3,68 – 0,92 mci
and

Log Ps
=
2,7 – 24(ei/Piw)

Where

PIw 
:
Weighted PI (%)

mci
:
initial moisture content (%)

ei
:
initial void ratio

Ps
:
Swelling pressure (kPa)

Generalised Heave Equation (Williams, Pidgeon and Day, 1985) [5.10]:

After the free swell and swelling pressure have been determined, the “generalized heave equation” may be used to calculate the heave, differential heave and heave suppression.

S = FS [1 – (logP / logPs)]

Where
S
:
swell of the soil


FS
:
free swell (%)


P
:
pressure induced by the foundation and the overburden (kPa)


Ps
:
swelling pressure of the soil (kPa)
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	FIGURE 5.8  :
	Percentage Swell after Weston (1979)
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6.
SOFT CLAYS

6.1
DEFINITION
No standard definition exists for soft clays in terms of conventional soil parameters, mineralogy or geological origin. It is, however, commonly understood that soft clays give shear strength, compressibility and severe time related settlement problems.

In near surface clays, which forms a crust, partial saturation and overconsolidation occur together and the overconsolidation is a result of the drying out of the clay due to changes in the water table.

In below surface clays, overconsolidation may have taken place when the clay was previously at, or close to the ground surface and above the water table, but due to subsequent deposition the strata may now be below the surface, saturated and overconsolidated. Partial saturation does not in itself cause engineering problems, but may lead to laboratory testing difficulties.

Soft clays have undrained shear strengths between about 10kPa and 40kPa, in other words, from exuding between the fingers when squeezed to being easily moulded in the fingers [6.3].

6.2
DISTRIBUTION
In South Africa soft clays occur predominantly in the coastal areas with the most significant deposits at [6.3]:

· Durban, Richards Bay, KwaZulu-Natal North and South Coasts.

· The Eastern Cape Coast at a number of estuaries.

· Localised deposits at Cape Town.

There are occurrences of soft clays in the inland areas, but these tend to be fairly shallow, very recent transported materials at poorly drained areas such as vleis. Many of these, superficial, very poor areas, in general, have relatively simple foundation problems, because the depth of soft materials is limited and the materials themselves are frequently sandy silts and silty sands. This does not imply that no inland soft clays exist, but they are uncommon [6.3].

6.3
GEOLOGICAL ORIGIN

Soft clays occur primarily along the eastern seabord, as a result of a number of depositional environments which have occurred during periodic changes in sea level. In general the thicker, more clayey deposits have been laid down in lagoon environments of main rivers, whereas clayey silts tend to have developed in tributary systems. However, there are instances where large thicknesses of soft silty clays occur in the flood plains of the tributaries and the main rivers. Shells may be present within these soft clays, indicating that they were deposited under estuarine environments.

During changes in sea level many of the rivers changed their courses and the positions of the different types of sediments are not now necessarily related to the present courses. An understanding of the geological history of a particular river system should therefore lead to a better appreciation of the engineering problems associated with that system.

South African soft clay deposits are relatively small in lateral extent and are generally highly variable, but may extend to considerable depths of up to 40m in places [6.2].

6.4
IDENTIFICATION

6.4.1
Field Testing
Aerial photographs can be used to determine the lateral extent of alluvial planes where soft clays may be present, before normal site investigation techniques commence.

The following in situ tests can be performed [6.1]:

· Standard Penetration Test (SPT) in boreholes: Determines consistency and related shear strength or bearing capacity of soil.

· Vane Shear Test: Used to determine the undrained shear strength of fully saturated clays, but should be regarded as an index test only.

· Cone Penetration Test (CPT, formerly known as Dutch Probe test): Evaluates the soil’s relative density, shear strength, compressibility characteristics and bearing capacity.

· Piezometer Probe (CUPT): Further development of the CPT. The system measures cone pressures and simultaneously, the induced pore pressures during penetration. The nature of the soil can be established from the relationship between the cone and pore pressure.

· Self Boring Pressuremeter (SBP): Used in conjunction with normal drilling and consists of advancing a tube into the soil to the test position and then inflating a membrane. The pressure required to inflate the membrane is measured at strain intervals. Pore pressures can be measured and drained or undrained conditions tested. Elastic modulus and shear strength can be derived.

6.4.2 Laboratory Testing
(a) Atterberg Limits

The plasticity of the material forms the basis of the classification of the clays. The plasticity is represented by the Atterberg Limits, i.e Liquid Limit (LL), Plastic Limit (PL) and Plasticity Index (PI) where PI=LL‑PL. This is represented on the Cassagrande A line, which defines the category of the fine grained material.

The natural moisture content (wn) is of particular significance for soft clays and it is convenient to represent the in situ state by its Liquid Index (LI), where LI=(wn‑PL)/PI.

It should be noted that if the natural moisture content (wn) is higher than the LL, then the Liquidity Index is greater than unity, a situation which may readily exist in soft clays and may be of considerable significance in the prediction of the behaviour of the clay on loading [6.3].


(b)
Consolidation Test

Consolidation testing performed in an oedometer on an undisturbed soil sample provides both compressibility and consolidation data. The assessment of the former, expressed as either the coefficient of compressibility (mv) or the compression index (Cc) is generally accepted to be much more reliable than assessment of the coefficient of consolidation.

There is often difficulty in interpreting consolidation test results at low pressures because the test data do not always conform to the square root or logarithm time models. This may result in under-assessment of primary consolidation times and an unconservative exaggeration of the influence of effective stress on the consolidation characteristics.

However, estimation of compressibility from conventional laboratory consolidation tests is considered to be adequate, provided that sample disturbance is minimised.
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	FIGURE 6.1  :
	Casagrande Plasticity Chart after Wagner (1957) [6.4]
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7.
DISPERSIVE SOILS
7.1
DEFINITION
Dispersion can occur in any given soil with a high percentage of exchangeable sodium percentage (ESP), causing internal erosion and eventually piping through embankment dams. The tendency for dispersive erosion in a given soil depends upon such variables as the mineralogy and chemistry of the clay and the dissolved salts in the soil water and the eroding water [7.1].

High ESP values and piping potential generally exist in soils in which the clay fraction is composed mainly of the smectite and other 2:1 clays (e.g. montmorillonite). Some illites (1:2 clays) are also highly dispersive, but high ESP values and dispersibility are rare in clays composed of kaolinites (1:1 clay).

Dispersion occurs when the repulsive forces (electrical surface forces) between individual clay particles exceed the attractive (van der Waal’s) forces and when the clay mass is then in contact with water, individual clay particles are progressively detached from the surface and released into suspension. If the water is flowing, the dispersed clay particles are carried away, causing erosion.

The main property of the clay governing the susceptibility to dispersion piping is the percentage absorbed sodium cations on the surface of the clay particles relative to the quantities of other poly valent cations (calcium, magnesium or aluminium). A second factor governing the susceptibility of the clay mass to dispersion piping is the total content of dissolved salts in the reservoir water. The lower the content of dissolved salts in the water, the greater the susceptibility of sodium saturated clay to dispersion.

If a concentrated leak starts through an embankment constructed of dispersive clay either of two actions can occur:

· If the flow velocity is sufficiently low, the clay surrounding the flow channel swells and progressively seals off the leak (self healing) or,

· If the initial flow velocity is sufficiently rapid, the dispersed clay particles are carried away, enlarging the flow channel at a faster rate than it is closed by swelling, which leads to progressive piping failure.

7.2
DISTRIBUTION [7.1]
Dispersive clay is less common in nature than ordinary clays and it is more common in some areas and geological settings than others.

In South Africa most dispersive clays were encountered in soils derived from the following geological formations and groups:

Karoo Supergroup:
Beaufort Group, Ecca Group, Molteno Formation and the Dwyka Formation.

Cape Supergroup:
Witteberg Group, Bokkeveld Group, Table Mountain Group and Malmesbury Group

Uitenhage Group:
Cretaceous Enon Formation, Kirkwood Formation and Sundays River Formation.

Swaziland Basement Complex:
All granites and granodiorites.

The distribution of these areas are shown in Figure 7.1

Dispersive clays can also develop under the following circumstances:

· Low-lying areas where the rainfall is such that seepage water has a high sodium absorption ratio (SAR) value, especially in regions where the Weinert N-value is higher than 2. Soils developed on granite are especially prone to the development of high ESP values in low-lying areas.

· Areas where the original sediments contain large quantities of illite and/or 2:1 clays (montmorillonite, vermiculite) with high ESP values. This is particularly the case with the mudstones and siltstones of the Beaufort Group and the Molteno Formation in regions where the Weinert N-value is higher than 2. Soils in low-lying areas of these formations are dispersive.

· In the more arid areas, where the Weinert N-value exceeds 10, the development of dispersive soil is generally inhibited by the presence of free salts despite high SAR values. Highly dispersive soil can develop if the free salts with high SAR values are leached out.

7.3
IDENTIFICATION
7.3.1 Field Identification
Dispersive clays can be identified in the field by several visual features, such as gully erosion and field tunnelling (piping and jugging) together with excessive turbidity in any storage water. These features are also clearly visible from the air with outwash clay fans being clearly revealed by their pale colour.
Areas of poor crop production and stunted growth, may indicate high saline soils, which are dispersive. However dispersive soils can also exist in neutral or acidic soils and can support a lush grass growth.

Inspection of farm dams in the immediate area of a proposed site can also reveal piping erosion, normally associated with dispersive soils.

Calcrete formations above a clay horizon, as observed from exposed cuttings. The presence of the bicarbonate ion and the effects of drying could lead to a concentration of cations in the pore water once the precipitation of lime nodules (calcrete) has occurred. This causes a change in the pore water SAR with a corresponding increase in the soil ESP to maintain the new equilibrium condition.

A clay soil which softens rapidly with a greasy feel on contact with water is indicative of a dispersive clay.
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	FIGURE 7.1  :
	Identified dispersive clay occurrences after Elges (1985) [7.1]


7.3.2
Laboratory Tests

Clays should be tested during design studies for earth dams and other hydraulic structures in which clay may be subjected to potential erosion and piping. Several laboratory tests are available to test for dispersiveness, but there is no single specific test that can only be performed to establish dispersiveness. Some of the tests are more effective than others in certain conditions and at times different tests may give contradictory results. Therefore more than one type of test must be performed to ensure feasible results.

The tests listed below can be conducted to determine if a clay is dispersive:

(a)
Chemical Tests
Soil samples are analysed chemically to determine the exchangeable sodium and cation exchange capacity from which the ESP and SAR is determined [7.2].

Figure 7.2 represents the procedure to identify dispersive clays, as developed for South African conditions.

(b)
Double Hydrometer Test
This test measures the content of 5(m size particles in the standard hydrometer test. A parallel test is then performed in which no chemical dispersant is used in the water and in which the soil is not dispersed with strong mechanical agitation. The content of 5(m size which goes into suspension in the water in this latter test is expressed as a percentage of the 5(m size measured in the standard hydrometer test. If a value of more than 35% is obtained the soil may possibly be dispersive.

A large number of tests should be performed, as substantial variations in dispersiveness are found in the results of this test method.

(c)
Pinhole Test [7.6]
With this test a direct measurement can be made of the dispersiveness of compacted fine grained soils. A 1mm diameter hole is punched through a cylindrical  soil sample of 25mm length and 35mm diameter. Water is percolated through the pinhole under different heads, simulating the water flow through a crack in the impervious core of a dam or other structure. The flow rate and turbidity of the water are recorded. According to the size of the hole after the test has been concluded and the flow rates and turbidity of the water, the soil is then classified into different degrees of dispersiveness.
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	FIGURE 7.2  :
	Chemical Evaluation to determine Dispersive clays

(after Harmse, 1980) [7.2]



(d)
Emerson Crumb Test [7.7]
A moist soil sample is lightly compressed into a cube with 15mm sides. The specimen is then placed into 250m( of distilled water. As the soil crumb begins to hydrate the tendency for colloidal sized particles to deflocculate and to go into suspension is observed.

Four grades are discernable:

4. – no reaction;

4. – slight reaction;

4. – moderate reaction; and

4
– strong reaction.

This test generally gives a good indication of the potential erodibility of clay soils. A dispersive soil may sometimes give a non-dispersive reaction with the crumb test, however, if the crumb test indicates dispersion, the soil is probably dispersive.
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8.
PEDOGENIC MATERIALS
8.1
DEFINITION
Pedocretes are soils which have to a greater or lesser extent been cemented or replaced by carbonates (calcrete), iron oxides ( ferricrete, plinthite or laterite), silica (silcrete), magnesium oxides (manganocrete), phosphate (phoscrete) or gypsum (gypcrete) These pedocrete terms are only applicable to materials containing more than 50% of the cementing or replacing material [8.1].

Pedocretes are mixtures of the original host or parent material and the authigenic cement, which may either be introduced or relatively concentrated by leaching. As the pedocrete develops the authigenic mineral content increases until it may constitute almost the whole mass [8.2].

Pedogenic materials require a certain climatic environment and moisture in some form for their development.

The development of calcrete is largely, although not solely, dependent on the evaporation of moisture which carries calcium carbonate in solution [8.3]. Where there is not sufficient moisture (i.e. extreme desert conditions) calcrete will not form. Calcium and carbonate must be available and calcrete will therefore develop where calcium is either obtained from the country rock or imported by flowing water, while the carbonate can always be obtained from the air. Calcrete therefore tends to develop in areas with arid to semi-arid climate and in areas with a seasonal shallow water table. Well-developed calcretes generally only occur where the mean annual rainfall is less than 550mm. The line denoting the Weinert N-value of 5 also gives a good correlation with the occurrence of calcrete. Calcrete usually develops along perennial or intermittent rivers or streams, on the banks of pans and on rocks that contain sufficient calcium.

The formation of ferricrete requires the percolation of water through a soil and the presence of a temporary fluctuating perched water table [8.1], [8.2]. Therefore ferricrete tends to develop under subhumid climate where the Weinert N-value is less than 5 for chemical decomposition to release the necessary iron from the parent material. The percolating water mobilizes ferrous iron, mostly obtained from decomposing mafic minerals and this ferrous iron is then carried downwards more or less to the base of such a perched water table. During this process the conversion to ferric iron takes place and the latter, being insoluble, is precipitated. The resultant ferricrete usually occurs at gully heads, hillslope-pediment and on pan and vlei side slopes.

Silcrete occur at the coastal belt where the host grains have been cemented together by silica, while in the interior, replacement of calcretes has also occurred.

Phoscrete often forms from calcrete which has been impregnated by phosphates derived from guano.

Gypcrete occurs in the Upington region, but their occurrence seems to be associated with that of calcrete.

8.2
DISTRIBUTION
The distribution of the major occurrences of pedocretes in South Africa are shown in Figure 8.1 [8.2].
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Figure 8.1:
Distribution of different pedocretes (after Weinert, 1980)

The following salient features should be noted [8.2]:

· Calcrete occurs in environments with a Weinert N-value of more than 5, therefore the semi-arid and arid regions.

· Ferricrete tends to develop under subhumid climate where the Weinert N-value is less than 5.

· Silcrete occurs in a belt approximately 100km wide along the southern and western coast of South Africa, and in the Kalahari Group area.

· Phoscrete occurs only in the Saldanha Bay area.

· Gypcrete occurs in the Upington region.  

8.3
IDENTIFICATION AND CLASSIFICATION 

8.3.1 Field Observations [8.1]


Because simple laboratory tests do not adequately reflect the special properties of many pedocretes or partially cemented soils, the in situ characteristics of these materials should be carefully recorded during soil profiling.


The permanent water table often occurs just below a thick calcrete horizon, while ferricrete is commonly associated with a fluctuating water table. Calcrete is therefore usually encountered in a relatively dry environment, while ferricrete is often encountered in environments of higher moisture content.


Colour: The colours of calcrete and silcrete generally varies between grey and white, but greenish, reddish and brownish materials are also known, while ferricrete is generally red, brown or black.


Consistency: Varies from loose or soft for the weakly cemented, powder or nodular pedocretes to medium hard rock for the strongly cemented hardpan pedocretes.

The definitions for describing the different development stages of pedogenic materials are given in the table below.
	CALCRETE
	FERRICRETE
	SILCRETE
	DESCRIPTION

	Calcareous
	Ferruginous
	-
	A soil which exhibits little to no nodule development or massive cementation, but which contains some pedogenic mineralization, but not sufficient to have indurated the soil significantly, or affected soil consistencies.

	Calcified
	Ferruginised
	Silicified
	Massive to platy soil which has been indurated by cementation to at least firm to stiff consistency.

	Powder Calcrete
	Powder Ferricrete
	-
	Generally loose silt and fine sand consisting of cemented or aggregated particles of nearly pure pedogenic minerals.

	Nodular calcrete (glaebular)
	Nodular ferricrete
	Nodular Silcrete
	Mixture of gravel-sized nodules of cemented particles.

	Honeycomb calcrete
	Honeycomb Ferricrete
	Honeycomb Silcrete
	Partly amalgamated (fused) nodular pedocrete representing an integrade between nodular and hardpan variety. It may still contain loose/soft pockets, but usually requires ripping for excavation.

	Hardpan calcrete
	Hardpan ferricrete
	Hardpan silcrete
	Indurated and strongly cemented, massive, rock-like material. Consistencies vary, but usually at least medium hard rock.


The pedogenic development process commences with the precipitation of fine particles of the relevant material and in time these increase in concentration. Accretion of these particles leads first to soft, discrete nodules which consist mostly of the precipitated material that cement soil particles. These nodules seem to float in the host soil. Gradually, these nodules coalesce into a sponge-like, hard mass full of small cavities, the whole mass having a honeycomb structure. The cavities are usually filled with remnants of the host soil although the cementing material may already have become quite hard. The filling of these cavities with the precipitate eventually results in rock-like hardpan. Hardpan can also develop without passing through a nodular or honeycomb stage. The development of these materials can come to an end at any stage and not all stages need to be passed through during the process of formation [8.2].

8.3.2 Laboratory Testing

The geotechnical properties of pedocretes depend on three factors: the texture of the host or parent material, the stage of development (i.e. the extent to which it has been cemented or replaced), and the nature of the cementing or replacing mineral [8.1].

Pedocretes can therefore be expected to exhibit certain differences in behaviour from those of traditional materials. In essence, these differences render the geotechnical behaviour of pedocretes less predictable by means of traditional laboratory tests [8.1].
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9.
SLOPE INSTABILITY
9.1
EARTH MOVEMENT
When portions of large earth masses become detached and move, the results are usually spectacular and often disastrous. Tremendous landslides have buried entire sites and dammed up rivers; slides in open cuts have caused the abandonment of canals, highways and railroads; levees have broken during periods of high water, flooding valuable farm land and driving people from their homes; earth dams have failed, producing tremendous surges of water that scoured out valleys and left death and destruction behind [9.1].

Earth failures mean the movement of a large mass of soil along a more or less definite surface. In most cases the earth mass remains intact during the first stages of movement, but finally it becomes distorted and broken up as movement progresses. Some failures occur suddenly with little or no warning, while others take place leisurely after announcing their intentions by slow movement or by the formation of cracks.

Anything that results in a decrease in soil strength or an increase in soil stress contributes to instability [9.1].

The main causes of slope instability are presented in Table 9.1 [9.1].

Table 9.1 : Causes of Slope Instability [9.2]
	CAUSES OF INCREASED STRESSES
	CAUSES OF SLOPE INSTABILITY

	· External loads, such as buildings, water or snow.
	· Swelling of clays by absorption of water.

	· Increase in unit mass by increased water content.
	· Pore water pressure (neutral stress).

	· Removal of part of mass by excavation, especially at toe.
	· Breakdown of loose or honeycombed soil structure.

	· Undermining, caused by tunneling, collapse of underground caverns, or seepage erosion.
	· Hair cracking from alternate swelling and shrinking or from tension.

	· Shock, caused by earthquake or blasting.
	· Strain, and progressive failure, in sensitive soils.

	· Tension cracks.
	· Thawing of frozen soil or frost lenses.

	· Water pressure in cracks.
	· Deterioration of cementing material.

	
	· Vibration of loose, granular soils.


LAYMAN’S GUIDE TO PROBLEM SOILS
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	a.
Circular failure in overburden soil, waste rock or heavily fractured rock.

	[image: image22.jpg]



[image: image23.jpg]M*vu(,ul} _.H.ru
airon ap) | SO ety

R e = _ﬂ ﬁtﬂ e e

Doufy wiaymog 1of sompa- i fo dotut mopios) e s .LK ./. " P

Loy _,\W. T — ey / =

I8 7 B NI
SOH | T 13 i

Bets 5“.“.uf.—‘.nry1/
1P\n§% .n._r/ 5
! s A
Wi

F
/ ;7
!

J‘;_[/_____f
-
g 4L

]
/'/
ik
T
\
i
h
T





	b.
Plane failure in rock with prominent bedding or jointing.
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	c.
Wedge failure on two intersecting joints.

	
	d.
Toppling failure in hard rock on steeply dipping joints.


Figure 9.1 : Main Types of Slope Failure
9.2
STABILITY OF SLOPES
The most common forms of earth mass or rock mass failures are illustrated in Figure 9.1 [9.2].

In an earth mass failure, the shape of the failure surface is spoon-shaped or half-an-egg sliced lengthwise. The top of the slopes drops, leaving a vertical scarp, while the base of the slide bulges upward and outward, covering the toe of the slide. These circular failures are common in soil or in a heavily broken, highly weathered rock mass [9.1].
Planar failures occur in rock masses which have a prominent, continuous feature, such as steeply dipping bedding planes or a well defined jointing system [9.2]. Shales in Pretoria, which dip some 30 degrees northwards, tend to fail in a planar failure mode on well developed bedding. Trenches or excavations which run east-west, with the dip of the strata to the north, are particularly prone to planar failures of the south wall of the excavation.

Planar failure can also occur on the soil/rock contact where the underlain rock mass has steeply dipping bedding planes, such as with shales of the Ecca Group of the Karoo Supergroup in the Durban region.

Wedge failures are common in rock that is highly jointed. Masses of rock will tend to slide into an excavation along the line of intersection between prominent joints or discontinuities, especially when the line of intersection is very steep [9.2].
Topping failures occur when hard rock blocks, in a formation with well-developed joints, slide, slump or crash down from steep cliff faces [9.2].

9.3
DESIGN OF SLOPES
Existing slopes and embankments or newly exposed deep cuts or excavations are all susceptible to slides, slumps or failures. The analysis of the safety of any steep slope involves judgement, experience and the analysis of laboratory test results. Slope stability analyses include a critical combination of forces, loss of strength, and neutral stresses to which the slope will be subjected. All proposed deep cuts or steep embankments should be investigated on the basis of a preliminary soil study and a slope stability analysis. High fills and fills subject to flooding require careful analysis and design by a qualified professional engineer, based on the shear strength and compressibility of soils to be used in the fill construction [9.1].
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10.
IMPACT ON INFRASTRUCTURE DEVELOPMENT
10.1
BUILDING STRUCTURES
10.1.1
General

Building structures can be severely affected by the presence of problem soils below foundations, especially single- and double storey structures. Usually the higher the structure becomes, the more attention is given to proper foundation design and the less are the chances of damage due to problem soils. Different elements of single storey structures can be affected differently due to insufficient attention to details, viz. the walls of the structure may have foundations designed to overcome the influence of problem soils, but with little attention to the floors (due to low loads), cracking of floors and finishes, damage and serviceability problems may still develop.

10.1.2
Collapsible Soil

Structures that have been constructed on collapsible soil, without the potential problem having been recognised, may function satisfactory for many years. However, with time the wet services (water supply and sewer) deteriorate and leaks or blockages occur, or poor stormwater drainage results in frequent ponding of water against the foundations. This will gradually (or suddenly) trigger collapse of the grain structure in the soil below the foundations leading to differential settlement and cracking of walls as well as floors. Depending on where the settlement occurs, in terms of the structural layout, the cracks should be wider at the bottom, although the reverse may be true at the external corners.

Fortunately, once total collapse has occurred, the structural damage can be repaired and the structure should then be perfectly serviceable for as long as required.

10.1.3
Expansive Soil

The vertical movements of expansive clay below structure foundations depend upon changes in moisture content. The change in moisture content in the soil below foundations may commence from the start of construction, because the vegetation that existed before construction used to reduce the moisture content through their root systems and the drying effect of the sun is also stopped. The moisture content therefore tends to increase underneath the structure from the time of construction. This condition will be substantially exacerbated if the site had been cleared of large trees, such as bluegum, willow, bottlebrush, etc. The seasonal moisture changes due to alternating wet and dry cycles further impact on the soil moisture content. Sudden moisture changes due to leaking water or sewer pipes also severely impact on the soil moisture condition.

All these moisture changes are time-related and therefore result in differential movements below the structural foundations which may be up or down and these movements are ongoing.

Substantial damage can be caused to structures, especially brickwalls and surface beds. Repairs to structures are costly and may not be permanent, which may result in structures becoming redundant.

Some clays are acidic and may cause corrosion of steel and copper water supply pipes. This will cause leaks in the pipes with time, which will then aggravate the heave locally, leading to differential movements and severe damage to the structure.

Severe vertical movement of the foundations can result in rupture of water supply and sewer pipes, with consequential further damage to the structure.

The crack pattern in internal walls are usually cracks that are wider at the ceiling (top) and the cracks are concentrated at openings in the walls. The external walls develop cracks at the corners of windows and doors, which are mostly wider at the top, but the crack widths may vary depending on the differential movement. In severe cases movements can prevent doors and windows from opening and closing.

10.1.4
Soft Clays

The low shear strength of soft clays precludes the use of shallow footings for structures. Lightly loaded footings may be constructed on compacted fills, but differential settlement usually still remains a problem.

Piled foundations are usually the only, but costly solution. In some cases problems are experienced with negative skinfriction on the piles.

10.1.5
Dispersive Soils

Dispersive soils do not actually present any problems with building structures.

10.1.6
Pedogenic Materials

Pedogenic materials may not be consistent in occurrence, both vertically and horizontally due to the conditions under which they developed and due to variations in the stages of development at a particular location. This may lead to variable foundation conditions and hence differential settlement of foundations, which can cause damage to structures.

If shallow hardpan pedogenic materials are present, the cost of hard excavation will impact on the project cost. Softer layers of pedogenic material may also be present below a well developed hardpan layer, which could cause settlement with time.

10.2
WATER SUPPLY, STORMWATER AND SEWER SYSTEMS
10.2.1
Collapsible Soils

Small diameter pipes (<150mm diameter) do not impart significant loads to the ground and if properly laid, the pipe bedding should spread the load and therefore such pipes are not significantly impacted upon by collapsing soil.

However, large diameter pipes can result in substantial loads, which could result in collapse of the grain structure of collapsible soil. Also pipes carry water, which provides the trigger mechanism of collapse. Localised leaks will cause damage to pipes and further leaks. In large sewer pipes substantial differential settlement may cause flow problems in the pipes.

The consequential problems that may develop due to the initial damage due to the collapsing soil, can be quite severe, because in many cases the initial damage to the pipes may remain undetected for many years. The leaks from the pipes may over time result in the erosion of the fines surrounding the pipes which may eventually cause settlement at the ground surface and damage to roads, etc.

10.2.2
Expansive Soil

Small diameter pipes such as water supply and sewers to houses and small buildings can be ruptured, where such pipes enter or exit the structures due to severe heave of expansive clay. This will cause leaks which may result in damage to the structure.

Larger diameter sewer and stormwater pipes may develop leaks at joints due to differential movement caused by expansive clay. Such leaks may encourage the roots of vegetation to enter the pipe at the leaking joint, thereby enlarging the leak and eventually causing blockage of the pipe.

10.2.3
Soft Clays

Large diameter pipes may suffer damage due to settlement of soft clay, but otherwise no serious impact is expected.

10.2.4
Dispersive Soils

Dispersive soils do not actually present any problems with water supply, stormwater and sewer systems.

10.2.5
Pedogenic Materials

Pedogenic materials mainly affect the installation of pipe networks if hardpan pedogenic materials exist at shallow depth, resulting in hard excavation and higher installation cost.

10.3
ROADS

10.3.1
Collapsible Soils

Some cases exist where roads have been severely damaged due to collapse settlement [10.1]. In certain circumstances it may not be necessary for an increase in moisture content to cause collapse. The application of repeating dynamic loads, such as heavy vehicle traffic on a road (also a railway or airfield), may be sufficient to cause shear failure of the bridging colloidal between collapsible soil grains and induce collapse.

In addition to problems with the collapse of the road subgrade, the substantial reduction in volume that occurs with the compaction of the pavement layers, must be taken into consideration in the estimation of material quantities for fills constructed from borrow areas or cuttings formed in soils with a collapsible grain structure.

10.3.2
Expansive Soils

The driving comfort of roads can be seriously affected by the movements caused by underlying expansive clay as are evidenced by the many problems experienced on the N1 where it crosses the Springbok Flats north of Pretoria and the northern Free State, as well as the old N4 road crossing the black turf south-west of Brits.

Differential movements due to expansive clay may also cause problems at the approach contacts at bridges and at drainage structures such as culverts crossing underneath roads.

10.3.3
Soft Clays

Soft clays can cause severe problems to large road (and railway) embankments and crossings. The problems include stability failures, construction problems and long-term settlement.

Practically all the stability problems occur during construction and mostly consist of classical rotation failure, although complete displacement of the subsoil may also occur.

Settlement and specifically differential settlement of large embankments on soft clay are major problems. In areas of fairly deep clays embankments may settle up to 30% of their height (i.e. more than 2m for a 7m high embankment) and this settlement may continue for up to 10 years.

10.3.4
Dispersive Soils

Dispersive soils normally do not affect roads, except for serious erosion problems on the slopes of cuttings and fill embankment side slopes.

10.3.5
Pedogenic Materials

The occurrence of shallow hardpan pedogenic materials may severely affect the surfaces of gravel roads due to the presence of softer patches in the hardpan material, because the softer patches are removed by the passing traffic leaving a very uneven road surface. This occurs on many gravel roads in the arid western parts of South Africa, due to the shallow occurrence of hardpan calcrete.

10.4
DAMS
10.4.1
General

Concrete dams and concrete spillways of earthfill dams are usually founded on solid bedrock and are therefore not affected by problem soils. The discussion of the impact of problem soils on dams therefore relates to earthfill dams only.

10.4.2
Collapsible Soils

Large embankment dams should normally not be affected by collapsible soils, as suitable investigations are normally carried out to identify any such problems that may exist in the foundation materials and appropriate design and construction methods will be implemented to eliminate possible settlement problems.

In the case of small to medium earthfill dams less attention may be devoted to the foundation materials. Should an embankment dam be constructed on collapsible soil, then collapse settlement will occur with time due to an increase in the moisture content of the foundation materials. The resultant settlement may cause cracking of the embankment and possibly increased seepage through the dam foundation and/or the earthfill embankment. In severe cases this may even lead to piping and serious stability problems in the embankment.

10.4.3
Expansive Soils

Expansive soils should not seriously affect embankment dams. In extreme cases if the dam remains empty for prolonged periods of time, drying out and shrinkage of expansive clay in the dam foundation may result in the formation of cracks in the clay. If the dam reservoir is filled gradually, the cracks in the foundation clay will close again without serious problems, except perhaps for minor seepage. However, should the dam be filled rapidly, substantial seepage and even erosion of fine soil particles may occur before the cracks can close. In severe cases this may result in permanent seepage problems. If this should occur at an earthfill dam with a concrete spillway, differential movement may occur at the earthfill/concrete transition, resulting in problematic seepage problems.

10.4.4
Soft Clays

Earthfill embankment dams should normally not be constructed on soft clays, as the expected substantial differential settlement will result in cracking of the embankment and resulting severe seepage that cannot be allowed.

10.4.5
Dispersive Soils

Dispersive soils in the foundations of an earthfill embankment dam and in the embankment itself has been the cause of many dam failures. Such failures mostly occurred through homogeneous dam embankments (i.e. where no clay core existed). All piping failures were caused by an initial seepage path through the embankment [10.2], viz.

· Areas of high soil permeability, especially around conduits, against concrete structures and at the foundation interface;

· Desiccation cracks;

· Differential settlement cracks;

· Saturation settlement cracks;

· Hydraulic fracturing.

This initial seepage path initiates the erosion of colloidal (dispersive) soil particles which enlarges the seepage path and increases the flow velocity, which in turn accelerates the erosion. Pipeforming may eventually be initiated at the downstream embankment face where the exit velocity is the highest. This piping erosion then works its way through the embankment in the upstream direction and embankment failure is triggered when this piping erosion reaches the upstream embankment face.

10.4.6
Pedogenic Materials

Pedogenic materials do not present major problems to dams, except that seepage may occur through the dam foundation due to the high and variable permeability of pedogenic soils.

In some cases differential settlement of dam foundations may occur due to the variable consistency and variable development of pedogenic materials occurring in dam foundations.

10.5
REFERENCES
[10.1]
Schwartz, K. (1985). Problem Soils in South Africa – State of the Art: Collapsible Soils. The Civil Engineer in South Africa, July 1985, Vol. 27, No. 7.

[10.2]
Elges, H.F.W. (1985). Problem Soils in South Africa – State of the Art: Dispersive Soils. The Civil Engineer in South Africa, July 1985, Vol. 27, No. 7.

11.
DESIGN ALTERNATIVES AND PRECAUTIONARY MEASURES
11.1
BUILDING STRUCTURES
11.1.1
Collapsible Soils

(a)
Design Alternatives
Several alternatives may be considered to overcome the difficulties associated with the collapse phenomenon in the construction of building structures. The preferred alternative to implement may depend on various factors, viz.

· the severity of the collapse problem;

· the depth and thickness of the collapsible soil;

· size and layout of the structure(s) involved.

The most appropriate design alternatives can be summarised as follows:

· Avoid collapse by precluding the triggering mechanism. Water is the triggering mechanism and can enter the potentially collapsible horizon in several ways, such as rise of the water table, leaking subsoil services, infiltration of rainwater, etc. In practical terms the application of this solution may be difficult and almost impossible to provide a long-term problem-free guarantee. It is also required to consider the possibility of dynamic loads occurring, which may substitute water as the triggering mechanism.

· Remove and replace collapsible soil: the collapsible material can be excavated and backfilled in thin layers compacted to a specified density. In most cases the excavated material is reused for backfilling, but provision must be made to import additional material to restore to the original ground level. Excavation may be performed in individual footing excavations or over the entire footprint of the structure. Strict control over the backfill and compaction process is essential. Conventional foundations can then be used.

· Design to withstand the predicted collapse: in certain instances it may be possible to design the structure to withstand the predicted collapse settlement. This may require the application of particular design procedures, such as increasing structural flexibility through joints, increasing structural stiffness to span problem areas or reducing bearing pressures to keep collapse settlement to within tolerable limits. The following specific methods are available:

· raft foundations

· various types of piles

· Soil improvement: the condition of the collapsible horizon can be improved in situ by precollapse of the soil whereafter normal founding methods can be implemented:
· Use triangular impact roller if the collapsible horizon occurs to no deeper than 2,5m, but sufficient water must be added.

· Dynamic compaction can be used for collapsible horizons deeper than 2,5m.

· Vibroflotation (a process of in situ replacement densification and installation of gravel columns).

(b)
Precautionary Measures
The following precautionary measures are required:

· Applicable geotechnical investigation with precise soil profile recording, disturbed and undisturbed soil sampling and appropriate laboratory testing to identify and quantify the problem.

· Attention to proper site drainage, drainage of water from roofs, etc. to prevent ponding of water on the site.

· Subsoil or cutoff drains may be required in areas of frequent shallow perched or shallow permanent water tables.

· Water supply pipes and sewers must be appropriately designed and maintained to prevent leaks and blockages. Leaks and blockages must be repaired immediately.

11.1.2
Expansive Soils
(a)
Design Alternatives
Several alternatives may be considered and the preferred solution depends mainly on the following considerations:

· the nature of the soil profile (particularly thickness of expansive layer) and the predicted heave;

· the type and layout of the structure;

· the proposed use of the structure;

· the balance between the cost and the risk of damage the owner is prepared to accept.

The most appropriate design alternatives can be summarised as follows:

· Contain heave movements:

Expansion or shrinkage of expansive clay is only possible if the moisture condition varies. The quantum of heave can therefore be kept within acceptable limits if the moisture content of the clay can be controlled. Several methods have been used with reasonable success to maintain the clay at a reasonably high moisture content. However, this must be maintained throughout the lifespan of the structure and severe damage may occur if the process breaks down to allow drying out of the clay. This method has mainly been used for individual residential structures in the Free State Goldfields.

· Remove and replace expansive soil:

If the expansive horizon is of limited thickness the expansive clay can be removed to spoil and replaced with inert gravelly material backfilled in thin layers and compacted to a specified density. It may be possible to remove the clay in strips below the foundations only, but this may still result in unacceptable movement of and damage to surface beds and finishes. It is normally more effective to remove the clay inside the entire footprint area of the structure. Strict control over the backfill and compaction process is required.

· Design to withstand the predicted heave:

Depending upon the size and layout of the structure, various alternatives may be considered:

· a stiffened concrete raft can be designed to withstand the predicted total and differential heave. Sufficient movement joints are required in brick walls and the pipework for water supply and sewers must be designed and detailed to accommodate the expected movements.

· if the expected heave is less than 25mm, the principle of split construction may be applied whereby the superstructure is made sufficiently flexible to accommodate the expected differential movement. The provision of sufficient and suitable movement joints and specific attention to details for finishes are essential for this method to be successful.

· Piled foundations: piles may be used to transmit the foundation loads to a stable stratum below the clay. However, uplift of the piles must be prevented by isolating the pile shaft for anchoring the pile by socketing into rock, underream or enlarged base. It is also required to provide a gap between the floor of the structure and the ground surface to allow for heave of the soil.

(b)
Precautionary Measures
The following precautionary measures are required:

· Applicable geotechnical investigation with precise soil profile recording, disturbed and (if required) undisturbed soil sampling and appropriate laboratory testing identify and quantify the problem.

· Attention to proper site drainage and stormwater runoff management are essential to prevent ponding of water near structures.

· Water supply pipes and sewers must be properly designed to ensure that the appropriate materials (to prevent corrosion of metal pipes), flexible couplings or other details are specified.

· Water supply pipes and sewers must be maintained and leaks or blockages timeously detected and repaired.

· No water loving vegetation or large trees may be allowed to grow within 15m of any structure and it is not recommended to allow gardening directly around the structures. In stead concrete aprons should be installed to prevent wetting of foundations.

11.1.3
Soft Clays
(a) Design Alternatives
Due to the low shear strength of soft clays, shallow foundations are not feasible.

For light structures a compacted fill or soil raft may be acceptable if the structure is designed to tolerate differential settlement.

In some cases it may be feasible to use concrete raft foundations, probably constructed on a pioneer fill layer, but settlements may still be excessive and in most cases unacceptable.

Piled foundations are, however, mostly the most appropriate solution. Negative skin friction on the pile shafts and lateral loads on the piles may provide challenges to design.

(b)
Precautionary Measures
Applicable geotechnical investigations are required to define the extent, thickness and appropriate design parameters for the soft clay.

Special attention must be given to the problems encountered during construction and the long-term effects and consequences of consolidation settlement.

11.1.4
Dispersive Soils
Dispersive soils do not specifically impact on building structures and therefore no specific design attention is required. No specific precautionary measures are required, except the prevention of surface erosion if required.

11.1.5
Pedogenic Materials
No specific problems relating to building structures prevail other than difficult excavation, for foundations. It is, however, important that a proper geotechnical investigation is performed to determine the extent and thickness of pedogenic materials. It may be good practice to perform drilling in certain cases to determine the thickness of hardpan masses, and to assess the properties of the materials underlying hardpan horizons, particularly if these are relatively thin, viz. less than 1m.

11.2
WATER SUPPLY, STORMWATER AND SEWER SYSTEMS
11.2.1
Collapsible Soils
(a) Design Alternative
Collapsible soils do not have significant impact on small diameter pipes, but may affect large diameter pipes. It is therefore required that the occurrence of collapsible soils along pipe routes be accurately identified and the collapse potential along such routes be determined.

Specific attention will then be required at the transitions between collapsible and non-collapsible strata, where differential settlement may prove problematic and at areas where unacceptable collapse settlement can be expected.

Design alternatives include the following:

· Where required, consider either of the following methods to prevent collapse settlement:

· excavate and replace the collapsible soil to a minimum depth of twice the trench width below the invert of the bedding layer;

· use soil improvement methods such as dynamic compaction or compaction by impact roller to precollapse the soil in situ.

· Use specific types of pipe materials, such as HDPE that can withstand significant settlement for water supply and stormwater pipes.

· Use a different route for the pipelines to prevent crossing collapsible soils

(b) Precautionary Measures

The following precautionary measures should be implemented:

· Appropriate geotechnical investigations to determine the horizontal and vertical extent of the collapsible soils and laboratory testing to quantify the potential collapse settlement.

· Enforce strict specifications on compaction of backfill into trenches to reduce the permeability of backfilled trenches and hence inflow of stormwater runoff.

· Proper design of stormwater runoff to prevent ponding near pipes.

11.2.2
Expansive Soils
(a) Design Alternatives
All sizes of pipes may be effected by heave and shrinkage movement caused by expansive clays. It is therefore required that the type of clay, its thickness and expansiveness, as well as its spatial occurrence along pipe routes, be determined to define the possible extent of the problem.

Depending on the severity of the problem and the specific type of project, several alternatives may be considered:

· For main or bulk supply pipes differential heave should be more important than total heave and the selection of flexible pipes can be advantageous.

· If severe differential heave problems are anticipated, the pipe trenches may be over-excavated and backfilled with non-expansive, imported material.

· The pipe routes may be changed to avoid problem areas.

· Where pipes are installed in the vicinity of building structures, special attention to couplings and entrance/exit details at structures are required to accommodate differential heave between the structure and the pipes.

· Specific types of pipe materials may be required, e.g. non-corrosive pipes, flexible pipes, flexible couplings, etc. to ensure that leaks in pipes can be minimised.

(b) Precautionary Measures
The following precautionary measures should be implemented:

· Appropriate geotechnical investigations to determine the properties, type, thickness and distribution of clay horizons.

· Enforce strict specifications on type and compaction of backfill into trenches to reduce permeability and hence inflow of stormwater runoff into backfilled trenches.

· Proper design of stormwater runoff to prevent ponding of water.

· Avoid having large trees growing close to pipes to prevent roots growing into pipe joints.

· Proper maintenance of pipes to detect leaks and blockages and have it repaired as soon as possible.

11.2.3
Soft Clays
Mainly large diameter pipes can be affected by soft clays and it will probably be best to use flexible pipes such as HDPE with welded joints to traverse areas underlain by soft clays if it is impossible to re-route pipelines around such areas:

To reduce long-term settlement problems, it may be feasible to excavate pipe trenches wider and deeper than required to provide a stiffer layer to support the pipe.

11.2.4
Dispersive Soils
Dispersive soils do not affect pipes directly, but special attention is required to rehabilitate backfilled pipe trenches in dispersive soils to prevent surface erosion and hence long-term environmental problems.

11.2.5
Pedogenic Materials
Pedogenic materials may only affect the excavations for pipe trenches. Adequate geotechnical investigations are therefore required to identify areas of surface and shallow occurrences of hardpan pedogenic materials, as well as possible variations in the horizontal and vertical development of the pedogenic material that may result in differential settlement problems.

11.3
ROADS
11.3.1
Collapsible Soils
(a) Design Alternatives
Roads can be seriously affected by the collapse of underlying soils and due to the dynamic loads imparted by the traffic. Prevention of water ingress to the road foundation is not necessarily the appropriate solution to prevent damage.

It is firstly important that the presence and extent of collapsible soils along the route be identified. Depending upon the collapse potential of the soil and the depth of occurrence, in situ densification by impact rolling should mostly be sufficient to resolve the problem. Sufficient water must be applied during impact rolling. The required number of roller passes to invoke collapse must be determined during compaction trials before commencement of actual densification of the road prism.

It may be required to adapt the pavement layer design to suit the specific conditions along the route.

The reduction of the in situ material volume due to collapse must be included into the calculation of the required volumes of road construction materials.

(b) Precautionary Measures
· Applicable geotechnical investigation with precise soil profile recording, disturbed and undisturbed soil sampling and appropriate laboratory testing to identify and quantify the problem.

· Surface and subsurface drainage along the road is important to minimise the possible entry of water into the road foundation.

· Specific attention is required where drainage structures pass underneath the road to prevent ponding of water.

11.3.2
Expansive Soils
(a) Design Alternatives
Roads can be severely affected by expansive clays and therefore it is important to adopt the appropriate design philosophy. Several alternatives exist, viz.

· If the expansive clay horizon is of limited thickness, the clay can be removed completely and replaced with suitable imported material.

· Strike a balance between partial excavation of the expansive clay and the provision of a surcharge load on the clay by lifting the vertical alignment of the road above the existing ground level. By careful design this option should give good results where the clay is highly expansive and too thick to remove completely economically.

· The road prism excavation can be completed and the clay wetted in situ to induce as much expansion as possible before covering the clay with an impermeable layer and the normal pavement layers. The idea is to keep the clay at an elevated moisture condition to reduce heave to within acceptable limits. This method requires substantial construction control measures, but mixed success has been achieved by this method.

· Stabilization of the clay with lime or cement may be attempted, but the thickness of the clay, problems with proper mixing, maintaining the required moisture content, etc. can prove this method very difficult to implement successfully.

(b) Precautionary Measures
· It is important to perform appropriate geotechnical investigations to determine the thickness and type of clay and specific expansion parameters.

· Surface and subsurface drainage along the road is important to minimise possible entry of water into the road foundation.

· Specific attention is required where drainage structures cross underneath the road to prevent ponding of water.

· No large trees should be allowed to grow inside the road reserve.

11.3.3
Soft Clays
(a) Design Alternatives
Road embankments can be severely affected by settlement and instability due to the presence of soft clays. The solution to stability problems will mostly be to either flatten the side slopes of the embankment or to provide stabilising berms to act as counterweights. Generally thick clay deposits favour berms, while shallow clay deposits render flatter slopes more appropriate.

Settlement problems are due to primary consolidation and secondary compression. Possible solutions are:

· Preloading with surcharging (time consuming).

· Install vertical drains to accelerate consolidation.

· Introduce strengthening systems such as geotextiles.

(b) Precautionary Measures
· Appropriate geotechnical investigations to determine the thickness of the clay deposit and laboratory tests to obtain reliable consolidation parameters.

· Appropriate construction procedures to monitor settlement and possible instability.

11.3.4
Dispersive Soils
Dispersive soils normally do not affect roads, but attention is required to protect the slopes of cuttings and fill embankments from erosion by rainfall and stormwater runoff.

11.3.5
Pedogenic Materials
Pedogenic materials may affect gravel roads in arid areas due to the presence of shallow hardpan pedogenic materials. This is difficult to control by design and should rather be controlled by frequent maintenance of such roads.

11.4
DAMS
11.4.1
Collapsible Soils

(a) Design Alternatives
Dam embankments cannot be allowed to settle to such an extent that cracking of the embankment induce severe seepage through cracks.

The spatial presence of collapsible soils must therefore be determined as well as the collapse potential of such soils. Mostly in situ soil improvement methods will be used to precollapse the soil. Depending on the thickness of the collapsible layer, impact rolling or dynamic compaction should be used.

It will also be required that a zoned embankment be used.

(b) Precautionary Measures
· Appropriate geotechnical investigation with precise soil profile recording, disturbed and undisturbed soil sampling and appropriate laboratory testing to identify and quantify the problem.

· Provision and design of applicable filters in the embankment.

11.4.2
Expansive Soils
The presence of expansive soils in the dam foundations should not seriously affect earthfill embankment dams. However, it may be appropriate to use a zoned embankment with filters and special attention will be required at the transitions between the embankment and any concrete structure, such as a spillway.

11.4.3
Soft Clays
Dam embankments may suffer detrimental differential settlement due to the presence of soft clays and an alternative dam site should normally be obtained.

11.4.4
Dispersive Soils
Proper design principles must be applied where dam embankments have to be founded on or have to be constructed with dispersive soils.

Suitable geotechnical investigations are required to identify dispersive materials and to identify the relevant properties of such materials.

The dam embankment can then be designed as a zoned embankment with the proper design of appropriate upstream and downstream filters to contain any seepage through the embankment core.

It is also important that proper compaction specifications be prepared. Strict construction control to ensure compliance with the specifications is essential.

Specific attention to details where the embankment butt against concrete or where pipework passes through the embankment, is also very important.

11.4.5
Pedogenic Materials
The presence of pedogenic materials in dam foundations may lead to seepage problems if precautionary measures are not introduced. It is therefore important that the extent and permeability of pedogenic materials be determined through proper geotechnical investigations.

The design of the dam should then include the provision of a positive cutoff and/or filters and toe drains to intercept any seepage and to prevent pore pressure build up.
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