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Abstract 
 

In South Africa expansive soils is a widespread problem due to the presence of active clays. 

There are two notable heave patterns which can occur depending on the building and weather 

conditions namely edge heave and centre doming. Current raft design methods rely on the 

assumption of the shape of the dome that will develop due to moisture movement underneath 

the raft foundation. This information of the dome which will develop is used to determine the 

edge penetration distance.  In this study a light structured house was selected, constructed on 

expansive soil conditions on site and has a common “stock” raft foundation design. Continuous 

Logging Soil Moisture probes were installed to measure water content at various depths under 

the house. The results suggest that currently accepted patterns of dome development due to 

moisture movement of the dome are unlikely to offer a good guideline for raft foundation 

design. Previous measurements do not take into account one of the most important factors 

concerning the influence of a building constructed on the foundation – the influence of the 

building on the temperature regime under the raft foundation.  This can have a profound effect 

on moisture under the foundation.  

 

Keywords: Continuous Logging Soil Moisture probes, Edge penetration, Expansive soils, Raft 

foundation, 

 

 

1 Introduction 
 

Expansive clays are widely distributed throughout South Africa. Their distribution is mainly 

dictated by geology, soil type and by local climatic conditions. These expansive soils pose a 

significant hazard to foundations for light structured buildings (Rogers, Olshansky & Rogers, 

1985). As expansive clay soils become wet, the clay minerals absorb water into their structure 

and expand.  During dry periods they shrink, and leave air voids or cracks in the soil. Variations 

in the moisture content of expansive soils gives corresponding volumetric change for moisture 

contents above the shrinkage limit. This results in stresses in the foundation and super-structure 

resulting in strain and cracking.  
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The construction of raft foundations for light structured houses has become common in areas 

affected by expansive clays as is the case in much of the Free State and Northern Cape. The 

purpose of raft foundations on active soils is to limit the differential movements of the 

underlying soils to a level which can be tolerated by the super-structure (Day 1991). The many 

failures which have been observed, the fact that the problem of providing satisfactory stiffness 

to the foundation has not yet been solved. This is possibly due to that many light structured 

houses are being built on “stock design” rafts which only have general correspondence with 

the likely heave potential of the soils. When structures become structurally unsound due to 

heaving foundations, it is more economical to demolish than to attempt repair, especially in the 

cases of economic houses.  

 

The objective of the study is to establish a better understanding of what heave patterns will 

develop and to determine the edge penetration distance to assist in the design process. For many 

years now very little research was done in this area of heaving clays underneath raft 

foundations. It is therefore important to get new and reliable data. 

 

 

2 Literature Review 
 

Lytton and Woodburn stated that the design of stiffened raft foundations on expansive clays is 

primarily affected by the varying or changing of the soil moisture content supporting the raft 

foundation. It was established that the predicted soil movement in laboratory tests for expansive 

soils match the observed field soil water content movement. Their methodology is built on the 

fact that soil raft foundations’ contact is not uniformly distributed due to soil moisture 

variations. The raft foundation interacts with the soil surface within the contact areas. This 

results in pressing down the high spots and bridging the low spots underneath on the soil 

surface. This soil-structure interface can be expressed as a partial differential equation for the 

deflections of an isotropic plate rested on a coupled spring mound (Lytton & Woodburn, 1973). 

 

The Swinburne method was suggested by (Fraser & Wardle 1975). This was largely to improve 

the interaction models of the soil to the raft foundation which have been suggested by Lytton 

and Walsh. This was also an attempt to find an economical design methodology for raft 

foundations typical of houses on active soils. The researchers conducted their studies on the 

performance of several simulated raft foundations which were built on different types of 

expansive soils in Australia. The rafts were monitored for their movement over time in order 

to measure the actual field mound which will develop. The researchers modelled the raft 

foundations and their stiffening beams using the finite element method as a plate with beams 

resting on semi-infinite elastic soil layers. The two main parameters which were determined by 

the researchers were as follows: 

I. Maximum differential heave (Y m); and  

II. The edge moisture variation distance (e m). 

 

It was observed by Pidgeon that design methods for raft foundation design for houses on 

heaving clays had its drawbacks. The shortcomings were that raft designs relied on the 

foundations to be constructed on an already formed mound or dome and required an estimation 

of the initial mound shape (Pidgeon, 1980). Pidgeon’s methodology is based on an assumption 

that the raft foundation is cast initially on a flat levelled ground surface.  When the raft 

foundation is built, instant undrained surface settlement will occur followed by changes in 

stresses, strain and suctions throughout the soil layers. Considering the two above stated 

limitations Pidgeon developed a rational design procedure which depends on a detailed 

laboratory tests and field data to identify the original soil state and the changes in the boundary 

conditions. 
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Fityus, Smith and Allman conducted a field study of surface movements on a flexible cover in 

Maryland, Australia near Newcastle. This study was conducted to investigate the long term 

expansive soil behaviour underneath a flexible impervious cover and a stiffened raft slab. The 

site was established in 1993 and was monitored for a period of seven years. The physical 

processes that drive reactive soil behaviour were investigated to develop more reliable models 

of expansive soil behaviour. The site was instrumented to allow measurements of soil water 

content, moisture suction and the ground water movements underneath a simulated lightly 

loaded foundation slab. The effects of trees on soil water content changes and ground 

movement were also taken into account. (Fityus et al, 2004). The outcome of the study 

highlighted aspects of foundation behaviour that is important in expansive soil foundation 

practice. However, the great disadvantage of this study was the fact that they used two ground 

covers to simulate moisture boundary conditions due to the presence of typical structures. This 

does not model reality since moisture movement is dependent on temperature and other factors 

which were not considered. 

 

 

3 Research Methodology  
 

The site is situated 50km East-South-East of Bloemfontein and 15km West of Thaba Nchu in 

the Free State. Botshabelo, Section K covers an area of approximately 200 ha. The Free State 

Department of Human Settlement is still very actively busy with the construction of numerous 

Government subsidy housing. The area is gently undulating with gradients mainly less than 2% 

to 3%. The site is underlain by shale, sandstone and mudstone of the Adelaide Subgroup of the 

Beaufort group of the Karroo Super Group. Dolerite intrusions into these rocks are prevalent. 

Expansive soils are evident throughout the area of investigation. Rock is found at a depth of 

approximately 1.1 m at the site in question. The first clay layer is from 150-900 mm, the second 

clay layer is from 900–1100 mm. All the layers were assessed using Van der Merwe’s method 

(Van der Merwe 1964) and Savage method (Savage, 2007) and found to be of medium to high 

expansiveness. Figures 1 illustrates the layout of the CLSM probes inside and below the house. 

The CLSM probes allow measurement of temperature and water content at depths of 150mm, 

300mm, 450mm, 600mm, 800mm and 1000mm. The CLSM probes taking readings hourly for 

a two-year period. 

 

 
 

Figure 1.  3D layout of CLSM probes 

 

 

4 Results 
 

The results used in this chapter are the average moisture contents measured by all probes each 

month over this period. This was primarily done to observe the seasonal changes which will 

occur in this study period. All these results are discussed below in detail at each specific point 

of measurement. 
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CLSM probe 24010 as shown in Figure 2, is located on the eastern side of the building 

underneath the raft foundation. The moisture variation throughout the whole soil profile at this 

specific location has a very similar pattern which follows the seasonal changes as seen in figure 

4-1. In summer months the moisture content is higher due to higher rainfall since this is 

typically the rainy season in Botshabelo, Free State. During the winter months the moisture 

content decreases due to the lack of rainfall during this time. At a depth of 150mm, the moisture 

content changed by 8% during this study period. The deeper recorded readings, such as at a 

depth of 800mm, indicated that the greatest change in moisture content change was 9.4%. 

 

 
 

Figure 2.  CLSM probe 24010 

 

CLSM probe 24005 as show in figure 3, is situated just inside the re-entry corner of the building 

and was installed underneath the raft foundation. The architecture of the building guarantees 

that this location is almost always in the shadow of the building and will not be exposed to solar 

energy of the sun. It was found that this CLSM probe had the highest moisture content among 

all recorded readings. The change in moisture content is approximately 3-4% throughout the 

soil profile. It can also be clearly observed that the moisture content also follows the seasonal 

changes. 
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Figure 3.  CLSM probe 24005 

 

As seen in Figure 4, Probe 24003 is situated at the west side of the building, close to the edge 

beam. This area of the building is mainly exposed to the afternoon sun and tends to be warmer 

than the previous locations. This specific area of the building had experienced a dramatic 

influence on its moisture content where CLSM probe 24003 is located. The reason being the 

owner of the house installed paving in front of the main door entrance. The owner installed this 

paving in August of 2014. This had a major influence, causing a significant drop in the moisture 

content. The paving was done at the beginning of spring while temperatures were rising. There 

was no rainfall and moisture content fell due to evaporation. The observed decrease in moisture 

content varied between 1% and 4%, depending on the depth of the CSLM probe readings. This 

highlights the fact that post construction practices and extensions to a house are beyond the 

control of the designing engineer. Such changes in the surroundings can cause distress to a 

structure that was constructed on active clay soils. Paving around the house or even planting 

vegetation or shrubs next to the foundation can cause a decrease in the moisture content.  

 

All these external influences could either prevent moisture from penetrating the foundation or 

withdrawing moisture and causing soil shrinkage in the region. To minimize movements in 

soil, landscaping should be done on all sides adjacent to the foundation and drainage should be 

provided and maintained. The data shows that the change in moisture content levels out towards 

the end of March 2015. The greatest change in moisture content is at a depth of 800-1000 mm 

where the variation is 9%. It should be noted that the placement of the paving skews the data 

since there was a drop in moisture content over a period of a few months. If  the data is 

compared as follows: January 2014 to June 2014, and May 2015 to December 2015 it can be 

seen that there is in reality, very little variation in the equilibrium moisture content underneath 

the raft foundation. It can therefore be assumed that unless drastic landscaping takes place, such 

as in this scenario, very little might have happened in this location in terms of moisture change.    
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Figure 4.  CLSM probe 24003 

 

The northern sides of buildings are mainly exposed to direct sun light in the southern 

hemisphere. The heat energy’s effect at this location is greater than anywhere else in the 

building.  CLSM probe 23998 is located just underneath the raft foundation as shown in figure 

5. It can be seen that the north side consistently shows the lowest moisture content compared 

to the rest of the recorded readings anywhere under the building. This is likely due to the fact 

that solar energy reaching the ground on the northern side is more intense than that reaching 

the other sides of the building. The clay experiences more shrinkage and cracking than at the 

other sides. This will also have an effect when rainfall occurs and will cause the north side to 

have rapid moisture changes. At the north side water contents range from less than 5% to 23%. 

It is observed that the readings of 150mm and 300mm are much lower compared to the deeper 

depths. It is believed that these sensors may be in the gravel fill layer typically used to level the 

ground before casting of the slab.  This is usually a G6 graded material which is natural gravel 

or rocks that have been crushed. The properties of this material could not be determined since 

this material is located underneath the building. 

 

CLSM probe 24007 is the only sensor located at the south side of the building. The south-facing 

sides of buildings in the southern hemisphere are not exposed to direct sunlight thus very little 

solar energy will reach this location. During the winter seasons the south facing sides of the 

building tends to be cold and in the shadow. As seen in figure 6, the moisture content follows 

a similar pattern, tracking  seasonal changes at all depths. It’s also notable that the upper layer 

of 150mm has the lowest moisture content compared to the rest of the soil profiles. This sensor 

may be in the compacted fill layer beneath the raft as is thought to be the case for probe 23998. 

The moisture variation does not exceed 1%. The moisture content tends to stay stable in this 

area. 
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Figure 5.  CLSM probe 23998 

 

 
 

Figure 6.  CLSM probe 24007 

 

CLSM probe 24009 is located centrally underneath the raft. This location is where the literature 

suggest the highest moisture concentration should be located. By studying the data in figure 7, 

and comparing it to the data of CLSM probe 24005, it is observed that the moisture content 

throughout the soil profile is constantly lower. The possible reason for this is that the soil 

conditions at this specific site is of such a nature that it is very difficult for moisture to infiltrate 
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to the centre of the raft foundation. The moisture throughout the soil profile underneath the raft 

foundation will simply not reach the middle in active clays; and therefore the moisture content 

stays constant. Between September 2014 and December 2014 a very slight change did occur. 

The only factor that could have contributed to this is the landscaping, which was done by the 

owner of the house when she installed paving at the west side of the building. This did cause a 

short-term change, but shortly afterwards the moisture readjusted itself. This can support the 

theory that the moisture content located in the centre of a raft foundation will never exceed 

certain moisture content and that in reality the east-southern corners of a building are more 

susceptible to having a moisture concentration. 

 

 
 

Figure 7.  CLSM probe 24009 

 

 

5 Findings 
 

At a closer inspection the moisture concentration is not located in the middle of the raft 

foundation. It tends to be located at the location which is least exposed to solar energy. The 

observed moisture variations in this study proposes that an approximately symmetrical dome-

shaped heave, which is located approximately in the centre of the foundation, as suggested by 

Pidgeon (1987), Pidgeon and Pellissier (1987), Fityus et al. (2004) etc. in simulated foundation 

tests does not seem likely to develop. 

 

5.1 Edge Penetration distance 
Edge penetration distance is the distance measured from the edge of the outside beam inwards 

to the area where moisture content of the soil is nearly constant. The magnitude of the edge 

penetration distance is dependent on the temperature, rainfall and soil conditions in the area. 

This study suggests that those accepted norms are not the only influence on the edge moisture 

distance. Previously shape and shadow of the building was ignored, because all previous studies 

were done on simulated foundations, there was no shadows cast since there was no super 

structure. The whole foundation in previous studies was equally exposed to sunlight. The 
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following figure illustrate the absolute minimum and maximum reading obtained in this study 

to determine the edge penetration distance.  

 

Figure 8 shows the length of the building going from North to South in meters as the y-axis and 

the moisture contents as the x-axis. Where Figure 9 shows the length of the building doing from 

west to east in the x-axes and the moisture content in the y-axis. The whole measured soil 

profile moisture content was taken into consideration because the whole soil profile can have 

an influence on the edge penetration distance. It should be noted that it is not possible to use a 

factoring value or correction factor in determining the influence each layer will have on the 

edge penetration distance. To provide satisfactory stiffness to a raft foundation is important in 

the more rational design methods, to determine the edge penetration distance. This has been 

done for many years now using information obtained from mock foundations as in the case 

with Fityus et al (2004) and Pidgion (1987). This assumes that the edge distance is the same 

throughout the raft foundation. Figure 9 suggests that the edge penetration distance is very 

similar from East to West. The edge distance in the east side approximately 2 meters, and in 

the West approximately 2.5 meters. Figure 8 however Shows no clear pattern defining an edge 

penetration distance. At the North there is a very wide range of moisture variation compacted 

to the south. This means that the edge Penetration distance on the North side may be far greater 

than previously believed. The findings tend to suggest that the failure of many raft foundations 

constructed on active clay materials may be due to due to a lack of stiffness in the North-South 

beams. 

 

 
 

Figure 8.  Edge penetration North to South  
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Figure 9.  Edge penetration West to East 

 

 

6 Conclusion 
 

Applying the findings of this study, it should be possible to at least achieve better estimates of 

moisture pattern development and to consider a more realistic heave patterns than are currently 

being employed. The Edge penetration also needs rethinking since this study shows that there 

is no clear indication of the value of this parameter which should be used in estimating mound 

shape and required stiffness.  The use of a flat-top dome is not recommended since there is no 

clear evidence to support it. The soil underneath this foundation predominately stays Close to 

the fully expanded state except on the northern side, where water content in the upper layers 

may fall to the shrinkage limit. 
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Abstract 
 

South African National Standards (SANS) provides requirements to prevent catastrophic 

failure due to the occurrence of sinkholes and subsidences. However, poor management and 

implementation of inappropriate wet services installations and surface water drainage are the 

main cause of sinkholes requiring rehabilitation. The SANS specifications are used to guide 

the process from the geotechnical investigation to the construction repair to create a stable 

environment, provided surface water and wet services are regularly inspected and properly 

maintained.  

 

In order to render the area and nearby structures safe following the occurrence of a sinkhole, 

the area must be investigated to determine the mobilising agent, extent of the loss of support of 

the blanketing layer and depth and size of the receptacle to select the most suitable method of 

repair.  

 

Dynamic Compaction (DC) for sinkhole rehabilitation is discussed and two case studies show 

the variability of conditions in which the DC method may be successfully used for sinkhole 

rehabilitation.  

 

Keywords: Dynamic Compaction, sinkhole repair, dolomite, sinkhole throat, backfilling of 

sinkhole. 

 

 

1 Introduction 
 

Dolomitic ground is notorious for the formation of sinkholes. Sinkholes cause the loss of 

property and occasionally, life. South African National Standards (SANS 1936 Parts 1 to 4, 

2012) set requirements for the development of dolomite land to ensure that people live and 

work in an environment that is regarded by society to be acceptably safe and where loss of 

assets is within tolerable limits. However, management and implementation of appropriate wet 

services and surface water are the main causes of sinkholes. This paper reviews the DC method 

for the repair of sinkholes based on two case studies. 
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1.1 The formation of sinkholes 
SANS 1936 (2012) defines a sinkhole as a feature that occurs suddenly and manifests itself as 

a hole in the ground. When underground cavities or voids (receptacles) in the blanketing layer 

or bedrock are exposed above the groundwater level, the mobilisation of soil from the 

blanketing layer into the receptacle may take place due to downward percolating water, or other 

triggering mechanisms. Should the receptacle be sufficiently large and the triggering 

mechanism be persistent enough to erode sufficient material, the roof of the cavity formed in 

the blanketing layer may collapse and form a sinkhole. Figure 1 presents a graphical 

explanation of the terms defined in this article. 

 

 
 

Figure 1.  Schematic model showing various components of dolomite land  

(Buttrick et al., 2001) 

 

Untreated sinkholes pose a risk to nearby infrastructure, as the maximum development potential 

is often not reached before the mobilising agent is terminated. Should the mobilizing agent not 

be stopped or the sinkhole be left untreated, it may continue to grow in size. Sinkholes are 

generally conical, steep and unstable posing a safety risk for remedial measures that require 

access into the sinkhole. Sinkholes are extremely variable by nature and thus require 

investigation, before the appropriate remedial measures can be determined. 

 

SANS 1936 (2012) details the investigative approach to determine the ground conditions at a 

site. The individual boreholes are given an Inherent Hazard Class (IHC) rating denoting on the 

likelihood (risk) of sinkhole or subsidence formation, and the maximum predicted size of 

sinkhole which may develop following work by Buttrick et al. (2001). Table 1 provides a 

simplified summary of the IHC rating for sinkhole development. After a sinkhole has formed, 

this investigative approach is supplemented for repair of sinkholes by SANS 2001:BE3:2012 

Construction works - Part BE3: Repair of Sinkholes and Subsidences in Dolomite Land. 
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Table 1.  Simplified Inherent Hazard Classes 

*Low: Typically less than 0,1 events per ha/20 years 

  Medium: Typically between 0,1 and 1,0 events per ha/20 years 

  High: Typically more than 1,0 events per ha/20 years 

 

1.2 Sinkhole rehabilitation methods 
The suggested methods for the rehabilitation of sinkholes are discussed in SANS 1936 and 

SANS 2001:BE3. The options for the rehabilitation of sinkholes and subsidences on dolomitic 

land include grouting, backfilling with less permeable soil, soilcrete or concrete and Dynamic 

Compaction (DC). These methods are used in a variety of site conditions but each site must be 

investigated and assessed for the most suitable method of rehabilitation.  

 

This article discusses the considerations for the application of DC, by reviewing two case 

studies where DC has been successfully used to rehabilitate a sinkhole that occurred close to 

existing buildings and in an open ground area.  

 

 

2 Dynamic Compaction  
 

DC is a method that is often used for foundation improvement. The application of DC for the 

rehabilitation of sinkholes was developed with the intention of repairing sinkholes due to the 

risk associated with sidewall collapse in deep receptacles and soft blanketing layers. Knight 

Hall Hendry utilised this method for the first time for the rehabilitation of dolomitic ground in 

South Africa in 1999. Franki Africa was the specialist contractor using their modified cranes 

to perform the work (Knight Hall Hendry, 1999). 

 

The method involves the in-situ compaction of soils to depths of up to 12m using a mobile 

crawler mounted crane fitted with a free-fall winch, braking system and single pull line (SANS 

1936, 2012). The flat bottomed pounder mass varies from 7tonne to 15tonne. The desired 

compaction depths are achieved by dropping the pounder from heights of up to 22m. (Dynamic 

Compaction, n.d). The method requires that the backfill material comprises similar or lower 

permeability material than the surrounding ground when compacted. During compaction, the 

number of blows and volume of fill are recorded. The final stage of the DC method entails 

ironing of the levelled and raised surface to provide an impermeable surface capping layer to 

ensure that no ponding water or concentrated surface water ingress occurs (SANS 1936, 2012). 

 

The depth of compaction achieved may be calculated as a function of the weight of the pounder 

and the height from which it is dropped. The equation on the next page provides a guideline for 

the calculation of the influence depth (Franki, 2008). 

  

IHC Risk* Sinkhole Size 

1 Low Small – less than 2m 

2 Medium Small – less than 2m 

3 Medium Medium – less than 5m 

4 Medium Large – less than 15m 

5 High Small – less than 2m 

6 High Medium – less than 5m 

7 High Large – less than 15m 

8 High Very large – Larger than 15m 
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WhkD         (1) 

 

Where D is the depth of compaction (m) 

k is the influence factor (varies between 0,375 and 0,7) 

W is the weight of the pounder (tonne) 

h is the drop height (m) 

 

The method is fast and economical and may be used in a variety of soils. Compaction can be 

achieved both above and below the water table. Fill horizons contaminated by rubble, boulders 

and rocks can be compacted and inverted filters can be used to effectively plug the sinkhole 

throat where it can be identified. An inverted filter is defined as rockfill or boulders that are 

coarse enough to choke the throat, followed by layers of progressively finer material (SANS 

2001, 2012). 

 

The DC method must however be used with caution as vibrations from the pounder impact may 

cause damage to surrounding buildings. In order to isolate and control the vibrations during 

compaction, the excavation of an isolation trench or reduction of energy input by reducing the 

drop height have been used successfully to allow compaction close to existing structures 

(Franki, 2008). 

 

 

3 Rehabilitation requirements 
 

The design and implementation of sinkhole rehabilitation by DC must be performed by an 

experienced Competency Level 3 geo-professional (SANS 1936, 2012). 

The following should be considered for design and stipulated as part of the construction 

methodology prior to implementation of this rehabilitation method.  

 

3.1 Safety 
An assessment of the working conditions for personnel and equipment shall be undertaken. An 

evaluation of the stability of sidewalls for entry, safe parking and working distance of 

equipment and personnel during repair, safeguarding of existing structures and services shall 

be considered and stipulated for safe working conditions. In addition, the stability of the crane 

when the pounder is accidentally dropped into a cavity should be evaluated. The repair work 

shall be supervised by a competent person (engineer or geo-professional). (SANS 2001, 2012) 

 

3.2 Materials 
The material specifications, method of backfill and soil parameters must be specified for bulk 

fill, inverted filters and capping fill.  

 

3.3 Choking of throat  
The sinkhole throat is the narrow opening which allows movement of the blanketing material 

into the receptacle. Should it be possible to identify the throat, the material to be used for 

choking, and the method of backfilling should be specified by the competent person (engineer 

or geo-professional).  

 

3.4 Backfilling of sinkhole 
The methodology for backfill of the sinkhole must specify the maximum layer thicknesses, 

compaction and backfill method and the spacing plan for compaction points.  
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4 Case Studies of DC for Sinkhole Rehabilitation 
 

Two case studies are discussed as examples of the versatility of the DC method, both when a 

sinkhole occurs close to existing structures, or in open areas.  

 

4.1 Case study 1 – Built-up area 
A sinkhole occurred adjacent to two structures comprising a single storey storeroom and a 

double storey office block.  

 

The geological investigation comprised four parts, namely a visual assessment, geophysical 

survey, percussion borehole drilling and Dynamic Probe Super Heavy (DPSH) testing to 

determine the ground conditions at and in the surrounds of the sinkhole. The visual inspection 

indicated a 2m deep, 6m diameter sinkhole. A blocked stormwater discharge pipe caused 

ponding of surface water and subsurface erosion, which lead to the formation of the sinkhole. 

Two geophysical methods were used, namely electrical resistivity and ground penetrating 

radar. The geophysical surveys were used to determine the subsurface extent of the sinkhole 

and to establish if the sinkhole extended below the building. The anomalies identified by the 

geophysical surveys were investigated by percussion borehole drilling where access of the 

drilling rig was possible. Where access around the sinkhole or between buildings was not 

possible, DPSH testing was used to identify soft zones or cavities. The DPSH machine drives 

a 50mm diameter, 60˚ disposable cone fitted to a 51mm rod into the ground by a 63,5kg hammer 

falling 762mm. The number of blows required to drive the cone through 300mm of penetration 

is continuously recorded to provide an indication of the soil consistency (Franki, 2008). 

 

Eleven percussion boreholes were drilled at the site. The investigation indicated uneven 

bedrock topography where dolomite pinnacles occurred between 6m to 11m below ground 

surface and the bedrock between 23m and 48m. Typical of dolomite land, the subsoil conditions 

encountered were extremely variable. The borehole conditions classified as IHC 2 (medium 

risk for small sinkholes) to IHC 7 (high risk for large sinkholes). The blanketing layer 

comprised thin transported soils, with deep residual soils comprising syenite, shale, dolomite 

and chert. Where encountered, the residual dolomite wad-rich material varied from 2m to 6m 

thick and air and sample losses occurred above and below the bedrock during percussion 

drilling. Wad is highly compressible and erodible manganese and iron oxide formed during the 

weathering of dolomite rock (Brink, 1979).  

 

In addition to the percussion boreholes, 18 DPSH tests were performed between the two 

buildings, which indicated a 5m deep cavity at the sinkhole area, while the borehole drilling 

showed cavernous ground between 10m and 28m depth. 

 

The positions of the investigation points in relation to the building and surface expression of 

the sinkhole are shown in Figure 2.  
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Figure 2.  Plan view showing location of sinkhole relative to the two structures, the area of 

influence and investigation points. 

 

The sinkhole was rehabilitated using DC. An assessment and recording of the cracks in the 

building before and after DC was carried out. Careful planning between the engineer and DC 

contractor allowed for the implementation of the DC method to within 1m from existing 

structure foundations. The sinkhole area was first exposed using an excavator. As shown in 

Figure 3, half drops of the DC pounder were used on the excavation floor to determine the 

position of the throat before backfilling the sinkhole in 3m to 4m lifts. An impervious clayey 

cover of 300mm was created before the reinstatement of the surface beds, retaining walls, 

stormwater system and water supply pipes. A plate load test was carried out at the surface to 

confirm that adequate compaction was attained. No ponding or infiltration of surface water is 

allowed in the rehabilitated sinkhole area. 

 

The structures were re-inspected after the compaction. Some of the cracks in the single storey 

structure nearest the sinkhole widened slightly but the structure remained intact, while the 

double storey structure manifested no cracks or damage. The structures are subjected to a crack 

monitoring program to allow re-occupation of the structures. During the construction work 

minor new cracks were recorded following the ground vibrations and a gutter pipe was 

damaged during lifting of the pounder compaction as the only consequential damage due to the 

DC operation, but both structures were saved from being demolished.  
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Figure 3.  View of sinkhole with pounder in the base of the excavation during compaction. 

 

4.2 Case study 2 – Open area 
The second sinkhole occurred in an open area at a sports ground facility. The sinkhole was 

approximately 2,5m deep and 10m in diameter. A sewer pipe traversing the area was blocked 

and overflowed at a manhole uphill of the sinkhole area. A temporary berm was constructed to 

divert the effluent away from a nearby pitch but concentrated ingress of effluent at the point of 

discharge, which caused the formation of a sinkhole.  

 

The sinkhole was visually assessed and five percussion boreholes were drilled to investigate 

the subsurface conditions. A temporary bypass sewer trench and pipeline hindered access on 

two sides of the site. The percussion borehole drilling investigation indicated IHC 6, 7 and 8 

site conditions (high risk for medium to large sinkholes) with compressible and erodible wad-

rich material to a depth of 25m. A 2m cavity was encountered during drilling of one of the 

boreholes at a depth of 25m to 27m.  

 

The positions of the percussion boreholes in relation to the original and temporary bypass sewer 

pipe, surface expression of the sinkhole and excavated and repaired areas are shown in Figure 4. 

 

The flat gradient between the manholes along this portion of the sewer route required that the 

sewer had to be re-instated along the original alignment before the sinkhole occurred. Due to 

the thick and soft soil profile and the need for deep rehabilitation of soils beneath the alignment, 

the DC method was selected for repair. The DC method was designed by a Competency level 3 

Geo-professional, in accordance with SANS 2001:BE3 (2012). 
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Figure 4.  Schematic site layout of the sinkhole, sewer and borehole positions. 

 

Factors that were taken into account were: depth to bedrock, depth to the known cavity, 

thickness of the blanketing layer and future intended use of the area. These factors lead to the 

requirement of a deep impact and protection layer above the area affected by the sinkhole. 

 

A rehabilitation area extending 5m beyond the visible extent of the sinkhole was identified for 

treatment. The affected area was excavated to a depth of approximately 4m below surface to 

extend past the upper chert rich horizon ensuring proper compaction below the invert level of 

the pipe. The backfill methodology incorporated backfilling with a coarse boulder layer at the 

base followed by a G5 quality material horizon across the cut platform. 

 

 
 

Figure 5.  Photograph showing excavated area. DC crane on a compacted terrace and 

compaction the G5 quality material in the second phase just ahead of the terrace. 
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The compaction was carried out according to the reach of the DC boom, compacting upward 

in layers not exceeding 3m. A boulder layer was installed at the base of the excavation followed 

by layers of G5 quality material as shown in Figure 5. The backfilling and compaction was 

carried out in 5 phases. The base of the excavation was compacted in three sections based on 

the reach of the DC crane to install the first boulder and G5 horizon. After the base of the 

excavation was raised by approximately 2m, the entire excavation was backfilled and 

compacted to surface level where ironing was finally carried out on the upper 0,6m of 

impervious material.  

 

Plate load tests were carried out on the material at surface to confirm that adequate surface 

compaction has been attained to create a proper impervious cap. Reinstallation of the pipeline 

will be carried out by the contractor where all trenches and pipelines will conform to SANS 

1936 (2012) requirements.  

 

 

5. Conclusions 
 

• The variability of conditions in the blanketing layer and bedrock topography will influence 

the ease and efficiency of the rehabilitation of sinkholes.  

• DC is suitable for varying blanket layer thickness and sinkhole conditions.  

• The DC method has been applied to deeply weathered profiles with highly variable ground 

profiles.  

• The DC method has successfully been used adjacent to structures and in open areas 

provided that access for the DC rig is possible. In the two case studies discussed above, the 

DC equipment compacted the soft blanketing layer and created a stiffened and less 

permeable horizon to shield the underlying blanketing material.  

• Investigation of the sinkholes is vital to understand the ground condition and to select the 

best method for rehabilitation.  
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Abstract 
 

Wind turbines results in complex dynamic loading transferred to the soil/rock through 

aerodynamic, gravitational, centrifugal and gyroscopic loads. The wind velocity, turbine 

components and subsurface strength and stiffness are the main considerations governing the 

foundation dimensions and stability of wind turbine generators (WTG). WTG’s consist of a 

nacelle, tower sections, blades and a gravity base foundation. Two wind energy projects 

successfully developed in South Africa are discussed in this paper to illustrate the geotechnical 

challenges encountered by design engineers and contractors. Poor bearing capacity and 

rotational stiffness conditions necessitate advanced foundation designs to withstand the 

dynamic loading. The feasibility of wind projects can be determined by the presence 

groundwater, thus suitable piezometers based on the permeability of the geology are suggested 

with electric resistivity testing adjacent to all piezometer locations to reduce the uncertainty of 

water readings. The reliability of the seismic testing should be assessed in conjunction with the 

rock quality designation and joint condition ratings. 

 

Keywords: Wind, Energy, Foundations, Dynamic loading. 

 

 

1 Introduction 
 

The abundant coal resources in South Africa have compelled reliance on fossil fuels to meet 

the 8 gigawatt (GW) base load energy demand in the country. However, the introduction of the 

Kyoto protocol agreement which South Africa ratified in 2002 aims to reduce greenhouse gas 

emissions by 34% by 2020 and 42% by 2025 (Department of Environmental Affairs, 2013). 

The preferment of cleaner power generation widely known as renewable energy is a direct 

consequence of the obligatory agreement to reduce carbon emission and minimize the glaring 

repercussion of climate change.  

 

Renewable energy projects are not only beneficial for climate change but are also constructed 

three times faster than fossil fuel infrastructure projects and are easily scalable. Renewable 

power generation has created thousands of jobs since the first round of renewable energy in 

2011 which created sustainable construction, operation and maintenance jobs throughout the 

project phase. The sunlight hours in the Northern Cape Province are conducive to solar and the 

wind resource on the west and east coasts are suitable for wind energy projects in South Africa.  
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This paper will discuss the latter due to the complex geotechnical consideration encountered 

and the potential 15GW capacity in addition to the 1.7GW already installed in the South African 

wind energy niche.  

 

 

2 Wind Energy 
 

The operation of wind turbines results in complex dynamic loading transferred to the soil/rock 

through aerodynamic, gravitational, centrifugal and gyroscopic loads. The wind velocity, 

turbine components and subsurface strength and strain are the main considerations governing 

the foundation dimensions and stability of wind turbine generators (WTG). Wind turbine 

classes are defined in terms of wind speed and turbulence parameters for a 20 year design life. 

The wind regime for load and safety considerations is divided into the normal wind conditions, 

which occur frequently during normal operation of a wind turbine and the extreme wind 

condition that are defined as having a 50 year recurrence period (IEC, 2005). 

 

2.1 Wind Resource 
The on-shore wind resource in a prospective area is investigated through the erection of 

anemometers at various heights to measure the wind speed, direction and air temperature at 

least 24 months prior to the proposed wind project. Wind conditions are the primary external 

condition affecting the structural integrity of the turbines (IEC, 2005). The critical assessment 

heights are namely the hub height, blade height from the ground and 10m above ground level. 

The on-shore wind resource assessment confirms the power generation viability of the project 

based on the wind velocity and direction which is followed by the micro-siting of each WTG. 

Micro-siting of wind turbines looks to optimize the wind resource at a specific location by 

placing WTGs a minimum distance of four blade lengths apart, while avoiding environmental, 

geological and aquatic flow paths. South Africa has immense wind resource along the eastern 

and western coastlines of the country as shown in Figure 1 with an average wind velocity of 7 

m/s at a height of 100m (Otto, 2015). Commercial size 2 megawatt (MW) and greater WTGs 

have a cut-in wind velocity of 4 m/s, cut-out wind speed of 25 m/s and a survival wind speed 

of 60 m/s.  

 

 
 

Figure 1.  Wind Resource (Otto, 2015). 

 

2.2 Turbines 
Wind turbines are subjected to environmental and electrical conditions that may affect their 

loading, durability and operation (IEC, 2005).The WTG’s consist of a nacelle, tower, blades 

and a gravity base foundation. The turbines have a typically hub height of 80 – 120m with 

blades 50 -75m in length and circular base foundation with a diameter of 16 – 23m. The Nacelle 

component of wind turbines consists of a generator, gearbox, high speed axis, low speed axis, 

yaw gear and engine. These components optimise the power generation, prevent rotational 

misalignment and guarantee rotation speed efficiency of the blades irrespective of the wind 
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speeds. The centripetal force acting on the blade length transfers rotational dynamic loading to 

the foundation base. Additionally, to the dynamic loading from the blades/nacelle, the wind 

generator towers are constructed from concrete or steel material that generate gravity loading 

due to the self-weight of the towers. The power generation capacity of turbines have increased 

from 0.05 MW to 10 MW tower over the last 3 decades consequently increasing the tower 

height and blade lengths of the components as shown in Figure 2. 

 

 
 

Figure 2.  Wind turbine progression 

 

2.3 Foundations 
The WTG, substation, substation building and overhead line foundations are the main civil 

structures requiring geotechnical founding solutions. This paper explicitly discusses the WTG 

foundations. The WTG foundations account for approximately a quarter of the total civil 

balance of plant costs in wind projects, thus cost-efficient sizing of foundations is critical for 

project feasibility. The sizing of the circular base foundations is dependent on the groundwater, 

dynamic, static loading and moments generated on the foundation supported by the in-situ 

ground strength. The WTG foundation consists of steel and concrete with an anchor cage (or 

steel ring) in the middle to connect the tower to the foundation. The WTG foundations consist 

of 1000 to 2000 tons of concrete with approximately 50 tons of steel reinforcement as shown 

in Figure 3. The acceptable foundation concrete to steel ratios are typically 90kg/m3–120kg/m3.  
hped = height of pedastal, hslab var = height of slab variation and hslab const = height of slab constant. 
 

 
 

Figure 3.  Wind turbine foundation 

 

The current global wind turbine market has over 20 independent manufacturers and the 

resultant wind loading on WTG foundations is exclusively provided by the manufacturers. The 

WTG manufacturers provide the vertical force, horizontal force, resultant moment and torsion 

moment, all the dynamic loads are transmitted statically.to the tower base. Three loading 

combinations are considered namely normal, abnormal and operational cases are considered 



9th SAYGE Conference 2017 

644 

for the characteristic wind loading. All turbine manufacturers specify a minimum ground 

rotational stiffness value to withstand the turbine dynamic loading. Wind turbine foundations 

are subject to vertical, horizontal, resultant moment and torsional moment, which necessitate 

the following foundation geotechnical checks according to (IEC, 2005): 

• Gapping  

• Rotation stiffness  

• Structural Overturning   

• Sliding  

• Uplift 

• Bearing capacity. 

 

Foundation gapping: Gapping may be defined as the area of the foundation elevated from the 

ground surface. Three foundation gapping verifications are generally calculated at unfactored 

working (Serviceability limit state) SLS, abnormal and normal loading conditions. From 

experience the most critical gapping check is the zero percent gapping, where no area of the 

gravity base foundation is allowed to be elevated from the ground surface while experiencing 

the SLS loading. The fifty percent and twenty five percent gapping checks are calculated with 

abnormal and normal loading respectively. At zero percent gapping the working load 

eccentricity is required to be less than eccentricity limit of one eighth the foundation diameter 

as shown in Figure 4.  

 

 
 

Figure 4.  Foundation Eccentricity 

 

Foundation stiffness: The ability of the subsurface to resist the dynamic vertical and resultant 

moment loading generated by wind turbine is critical for the stability of gravity base 

foundations. Geophysical seismic testing namely multichannel surface wave (MASW) and 

continuous surface wave (CSW) testing are frequently used to appraise the ground stiffness. 

The seismic testing determine the shear wave velocity of the stratum at various depths to 

evaluate the acceptability of the ground stiffness as shown in Figure 5. 

 

 
 

Figure 5.  Rotational Stiffness 

 

Structural overturning: The self-weight of the foundation, backfill and vertical loading on 

WTGs prevent instability of the tower structure that results in overturning as shown in Figure 6. 
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The driving force is generated by the wind loading moment and horizontal force. Any buoyancy 

condition is detrimental as it contributes to the overturning force. The factored normal and 

abnormal WTG loading cases are considered in the structural overturning calculation. 

 

 
 

Figure 6.  Structural overturning 

 

Foundation sliding: The horizontal force generated by the WTGs must be counteracted by the 

self-weight of the foundation, backfill and vertical loading that create frictional resistance. The 

factored normal and abnormal WTG loading cases are considered in the sliding calculation. 

 

Foundation uplift: The quantification of the buoyancy effects on a foundation are termed the 

foundation uplift. The magnitude of the buoyancy force has to be at least two thirds lower than 

the overall vertical loading on the stratum.  

 

Foundation bearing capacity: The shallow mass gravity base foundation exert less than 1000 

kPa pressure, the average bearing capacity of shallow rock due to the geometry and the 

founding depth of the foundation as shown in Figure 7. The stratum is subject to permanent 

(foundation & backfill weight) and variable (wind loading). The eccentric loading on the 

foundation results in only a portion of the foundation area being subject to static and dynamic 

loading which is termed the effective area.  
D = embedment depth/ diameter, R = foundation radius, e= eccentricity, B* = effective width, L* = 

effective length and A*= effective area 

 

 
 

Figure 7.  Foundation geometry  
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3 Case Study 1 
 

The project area is 1300 hectares consisting of 43 WTG with a potential generating capacity of 

over 120 megawatts (MW). The geotechnical challenges encountered during the investigation 

drilling, geophysical and laboratory testing will be discussed in the paper. The interpretation of 

the inherent site conditions controlled the design of the WTG foundations and all the 

geotechnical calculations are presented in this section. 

 

3.1 Geological Setting 
Case study 1 area is within the Table Mountain Group, consisting of the Goudini, Cederberg 

and Peninsula Formation. The geological setting thus consists of sandstones, shales, siltstones 

and quartzitic sandstones. Fluctuating water table through sea level movement is responsible 

for the alteration of the geomorphology. The quartzitic sandstone of the Penisula formation 

withstood the chemical weathering and erosion, but the shales and siltstones were significantly 

altered by the groundwater. The surface comprises of unconsolidated residual shales and 

siltstones (marine and estuarine soils) that are sandy soils with minimal fines. Ferricrete, 

pedocrete and intermittent clayey soils are present in areas where the bedrock is at depths 

greater than 10 meters. 

 

3.2 Site investigations and laboratory results 
One rotary core drilling hole was executed within the footprint of each WTG to a minimum 

depth of 30m to retrieve samples of the stratum for laboratory testing analysis. Three dynamic 

probe super heavy (DPSH) tests were executed in the footprint of the WTG to establish the 

empirical geo-mechanical parameter. CSW seismic testing was conducted to evaluate the 

stratum variation with depth in the vicinity of the WTGs. Electrical Resistivity Testing (ERT) 

was conducted to evaluate the pore-water in the stratum and geomorphology variation with 

depth. The review of the installed piezometers resulted in buoyancy being consider at all the 

WTG locations. 

 

3.3 Geotechnical stability checks 
The inadequate bearing capacity and rotational stiffness strength identified at 10 % of the WTG 

locations during the site investigations resulted in a continuous flight auger (CFA) deep 

foundation solution connected to the mass gravity base shallow foundation. The geometry 

(Figure 3) of the two proposed shallow and deep foundations are presented in Table 1.  

 

Table 1.  Foundation Geometry. 

 

Foundation Deep Shallow Description 

Df  [m] 20.50 23.00 foundation diameter 

hslab const [m] 1.20 0.50 slab foundation height 

hslab var [m] 1.10 1.60 height of variable slab  

Dped  [m] 5.50 5.50 pedestal diameter 

hped  [m] 0.80 1.00 pedestal height 

hbelow foundation  [m] 0.30 0.30 height below foundation 

Volume  [m3] 755 585 foundation area 

 

The zero percent gapping evaluation for the 23m shallow foundation is calculated with 

unfactored SLS moment loading. e SLS overturning = 2.83, e limit foundation = 2.90 in Equation 1. The 

deep foundation pile group is subjected to compression which positively influences the 20.5m 
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deep foundation gapping by contributing to the total vertical force. M RES = resultant SLS 

moment, F RV = resultant vertical loading and D = foundation diameter. 

 

𝑒𝑆𝐿𝑆 𝑜𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔 =  𝑚𝑟𝑒𝑠/𝑓𝑟𝑣  <  𝑒𝑙𝑖𝑚𝑖𝑡 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 = 𝐷/8   (1) 

 

The structural overturning calculation is evaluated for the factored normal and abnormal 

resultant wind loading moments. The greater factored normal and abnormal resultant wind 

loading moment will be calculated in Equation 2 and in this instance the former is greater. The 

counteracting static (foundation and backfill weight) and dynamic vertical loading (wind 

loading) had to be at least 1.3 times larger than the overturning moment. Buoyancy is 

detrimental to the overturning stability and should not be multiplied by a partial factor for the 

loading condition check. MWres = wind loading resultant moment and Mrv = resultant moment 

vertical loading 

 

𝑚𝑊𝑟𝑒𝑠 =  96 736 𝑘𝑁 <  𝑀𝑟𝑣 =  147 460 𝑘𝑁        (2) 

 

The factored abnormal horizontal wind load (frh) should not exceed the resultant vertical load 

generated friction (ff) in Equation 3. The embedment depth equal to the height of the mass 

gravity base foundation negates any sliding of the foundation. 

 

𝑓𝑟ℎ =  1359 𝑘𝑁 <  𝑓𝑓 =  2330 𝑘𝑁       (3) 

 

The factored buoyancy force (fb) beneath the foundation should not exceed the total static and 

dynamic vertical loads (fv) in Equation 4.The light weight steel tower resulted in adequate 

vertical force to withstand foundation uplift. 

 

𝑓𝑏 =  1359 𝑘𝑁 <  𝑓𝑣 =  2431 𝑘𝑁       (4) 

 

The maximum soil pressure on the stratum is calculated with the maximum wind overturning 

moment and total vertical force divided by the effective area of the circular foundation. The 

maximum soil pressure (Pmax) generated by the circular mass gravity base foundation should 

not exceed the bearing capacity (Bc) of the stratum in Equation 5. 

 

𝑃𝑚𝑎𝑥 =  254 𝑘𝑃𝑎 <  𝐵𝑐 =  464 𝑘𝑃𝑎        (5) 

 

The rotational stiffness (𝐾𝑟) is facilitated by the CSW seismic test that measures the shear wave 

velocity at depth below the WTG footprint. The foundation stiffness is of importance for the 

design and the investigation depth should cover at least the largest base dimension, which is 

deeper than any critical shear surface (Centraltrykkeri, 2002).The most critical shear wave 

location was WTG 2 with an average shear wave velocity of 150m/s within the critical influence 

zone of one foundation radius. The resultant rotational stiffness is 51 GNm/rad in Equation 6 

which is below the required 72 Gnm/rad thus necessitating ground improvement or deep 

foundation solutions. Gdyn = dynamic shear modulus, R = foundation radius and v = poissons 

ratio. 

 

𝐾𝑟 =  
8 𝐺𝑑𝑦𝑛 𝑅

3

3 (1−𝑣)
<  72 𝐺𝑁𝑚/𝑟𝑎𝑑     (6) 

 

Continuous Flight Auger (CFA) piles where proposed in the four positions with inadequate 

rotation stiffness. Conventional ground improvements (Dynamic compaction and stone 

columns) were not feasible for this application due to the depth of incompetent material and 

intermittent organic matter encountered during the drilling. The axial permanent loading on the 

CFA pile was calculated at 2190 kN. (Moment + Vertical – buoyancy) A pile group of 26 CFA, 

0.75 m diameter and 20 m length piles were designed to provide adequate shaft (Qs) and end 
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bearing (Qb) resistance. The factored (1.4) shaft capacity of 1359 kN in Equation 7 and the 

factored (1.4) end bearing capacity of 1589 kN in equation 8. The total pile carrying capacity 

is 2947 kN for the 20m length 0.75m diameter pile. 

 

𝑄𝑠 =   1359 𝑘𝑁         (7) 

𝑄𝑏 =   1589 𝑘𝑁         (8) 

 

Poor inherent soil conditions and the presence of groundwater compromised the safely and 

economics of the WTG foundations. The total shallow foundation concrete was 585m3 for each 

WTG. The deep foundations were introduced due to the inadequate rotational stiffness 

calculated through the seismic testing and had a total concrete volume of 755m3 (230m3 piles 

& 525m3 pile cap). The approximate shallow and deep foundation costs are R 2 000 000 and R 

2 800 000 per WTG respectively. 

 

 

4 Case study 2 
 

The project area is 4400 hectares consisting of 46 WTG with a potential generating capacity of 

over 130 MW. The shallow bedrock and undulating terrain effects on the geotechnical 

calculations are deliberated in this section.  

 

4.1 Geological Setting 
The site area is characterized by metamorphosed sedimentary rock consisting of quartzitic 

sandstone and mudstone-Tilite inter-bedded with schist. During the site investigations highly 

weathered gneiss was also retrieved. The shallow bedrock was consistently overlain by less 

than 2m of aeolin transported sand. 

 

4.2 Geotechnical stability checks 
The geological setting consisted of complex metamorphosed sedimentary rock inter-bedded 

with schist. Inexpensive and quick Point load tests (PLT) were conducted on the rock samples 

to extrapolate the strength of the 4 geotechnical units. The shallow bedrock encountered within 

0.5 m from surface provided suitable founding conditions for variations of two shallow gravity 

base foundations (18m & 20m diameters) in Table 2. The rotational stiffness of four WTGs 

underlain by mudstone and schist had inadequate stiffness, thus resulting in a larger foundation 

diameter of 20m. The review of the installed piezometers resulted in no buoyancy being 

consider at all the WTG locations. 

 

Table 2.  Foundation Geometry 

 

Foundation Shallow Shallow Description 

Df  [m] 18.00 20.00 foundation diameter 

hslab const [m] 0.90 0.70 slab foundation height 

hslab var [m] 1.00 1.20 height of variable slab  

Dped  [m] 9.48 9.48 pedestal diameter 

hped  [m] 0.35 0.35 pedestal height 

hbelow foundation  [m] 0.08 0.08 height below foundation 

Volume  [m3] 406.80 458.10 foundation area 
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The zero percent gapping evaluation was calculated with unfactored SLS moment loading. e 

SLS overturning = 1.96, e limit foundation = 2.30 in Equation 9. Mres = resultant SLS moment, Frv = 

resultant vertical loading and D = foundation diameter 

 

𝑒𝑆𝐿𝑆 𝑜𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔 =  𝑚𝑟𝑒𝑠/𝑓𝑟𝑣  <  𝑒𝑙𝑖𝑚𝑖𝑡 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 = 𝐷/8   (9) 

 

The CSW seismic test results measured shear wave velocity at depth below the WTG footprint. 

The lowest shear wave location was WTG 20 with an average shear wave velocity of 347 m/s 

within the critical influence zone of one foundation radius. The resultant rotational stiffness is 

247 GNm/rad in Equation 10, which resulted in a 20m diameter foundation for the inherent 

stiffness. Gdyn = dynamic shear modulus, R = foundation radius and v = poissons ratio. 

 

𝐾𝑟 =  
8 𝐺𝑑𝑦𝑛 𝑅

3

3 (1−𝑣)
<  275 𝐺𝑁𝑚/𝑟𝑎𝑑     (10) 

 

The factored normal resultant wind loading moment is calculated in Equation 11. Mres = Normal 

resultant moment and Mrv = resultant moment vertical loading. The lack buoyancy force 

improves the overturning stability of the WTG, as no groundwater was retrieved in the stratum. 

 

𝑚𝑟𝑒𝑠 =  106 544 𝑘𝑁 <  𝑀𝑟𝑣 =  181 218 𝑘𝑁      (11) 

 

The factored horizontal wind load (frh) should not exceed the resultant vertical load generated 

friction (ff) in Equation 12. The weight of the concrete tower results in four the horizontal force 

to withstand foundation sliding.  

 

𝑓𝑟ℎ =  1809 𝑘𝑁 <  𝑓𝑓 =  9281 𝑘𝑁       (12) 

 

The shallow bedrock provides high bearing capacity to withstand the maximum soil pressure 

transferred to the stratum. The maximum soil pressure (Pmax) generated by the circular mass 

gravity base foundation did not exceed the bearing capacity (Bc) of the stratum in Equation 13. 

The total shallow foundation concrete was 430m3. The approximate shallow foundation cost 

per WTG is R 1 500 000. 

 

𝑃𝑚𝑎𝑥 =  626 𝑘𝑃𝑎 <  𝐵𝑐 =  3243 𝑘𝑃𝑎      (13) 

 

 

5 Discussion of Geotechnical Aspects 
 

The ultimate cost efficient and safe design of wind turbine foundations requires thorough 

understanding of the dynamic loading and groundwater implications in the subsurface.  

 

5.1 Gapping 
The resultant eccentric loading on the WTG foundation may lead to the elevation of parts of 

the shallow foundation. The tower, foundation backfill and concrete weights contributes to the 

gapping resistance but the anticipated erosion and structural deterioration of these facets should 

also be considered in the calculations. The deterministic wind loading moment that induces 

gapping is not the ultimate load, but the 95th percentile load, loading representing 5% 

probability of exceeding the deterministic load. (IEC, 2005) The working wind load moment 

is calculated for the worst case turbine load with exceeded probabilities of (1%) and (0.01%). 

Understanding the dynamic loading effects of the foundation geometry through numerical 

modeling and empirical correlations is imperative for realistic eccentricity limits for the 

gapping analysis. The concrete WTG are less susceptible to gapping due to the superior vertical 

wind loading in comparison to the steel tower. 
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5.2 Rotational stiffness 
The rotational stiffness of the stratum required to withstand the dynamic wind loading of the 

WTG is critical to the functionality and cost-efficient design of the foundations. Due to the 

empirical equation proposed by (Darracott B.W & Orr C.M, 1976) a huge reliance has been 

placed on seismic testing to measure the shear modulus of the stratum. The amount of strain 

induced by the seismic testing translates to small strain shear modulus. The dynamic loading 

on soils induces moderate strains of typically 10 -3 thus a factor of 0.35 is used convert the 

initial shear modulus to the dynamic shear modulus (Centraltrykkeri, 2002). Low shear wave 

velocities necessitate the increase of the foundation diameter, ground improvement or deep 

foundation applications to increase the strength/density of the subsurface.  

 

Limitations to seismic investigations occur when a competent layer overlays a weak layer, for 

example the subsurface dissolution in karst or sporadically jointed deeply weathered granites 

and gneisses. The weighted average calculation of the shear wave velocity critical influence 

depth of one radius is also contentious as the vertical loading and resultant moment act at 

different critical depths.  Numerical modeling applications are recommended to evaluate the 

dynamic rotational stiffness critical depth. 

 

5.3 Groundwater (Buoyancy) 
The accurate measurement of the phreatic surface has huge financial repercussion on wind 

projects. Consequently, the measurement of the phreatic surface is critical as the buoyancy 

force adds to the gapping effect and reduces the rotational stiffness of the stratum. The WTG 

locations at relatively low and high points within the study areas should be identified during 

the groundwater analysis, as the percolation of surface water is prevalent at the permeable low 

points. The designer must consult with the site engineer for buoyancy considerations and 

perched water tables at high points. 

 

The standpipe piezometer gives ambiguous readings and gets blocked by debris. A bentonite 

seal is mandatory for all piezometer installations. The inter-bedded permeable granular material 

and impermeable cohesive material resulted in areas with perched water tables which 

exemplified the ambiguity of the piezometer readings. Resistivity testing should be utilized in 

conjunction with the piezometer readings. 

 

 

6 Recommendations 
 

The WTG foundation design solutions are largely controlled by the inherent ground conditions, 

available resources and time required to construct foundations. Poor bearing capacity, 

rotational stiffness and buoyancy conditions necessitate advanced foundation designs involving 

ground improvement, foundation diameter increase or deep foundations. The feasibility of wind 

projects can be determined by the presence groundwater, thus suitable piezometers based on 

the permeability of the geology are suggested with electric resistivity testing adjacent to all 

piezometer locations to reduce the uncertainty of water readings. The use of geophysical testing 

to determine the dynamic response of the stratum to WTG loading is a critical area for further 

research in the Wind Energy niche. The reliability of the seismic testing should be assessed in 

conjunction with the rock quality designation and joint condition ratings. The static and 

dynamic stratum dynamic shear modulus relationship requires further investigation to improve 

on the conservative 0.35 conversion of the ground stiffness.   
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Abstract 
 

Dynamic replacement penetration tests, with both the Dynamic Compaction (DC) and Rapid 

Impact Compaction (RIC) methods, have been carried out on three sites in South Africa on 

variable ground profiles. Quality assurance is normally done by means of plate load tests on 

selected stone columns and a limit is typically placed on the acceptable deformation modulus, 

for the Engineer to approve works. The results from the penetration tests are presented, with a 

comparison of the achieved deformation moduli. A method is developed, based on impact 

engineering formulation, taking into consideration drop height and pounder weight and shape 

to predict the deformation modulus that would be achieved for a certain penetration depth.  

 

Keywords: Ground improvement, Experimental analysis, Dynamic Replacement Stone 

columns, Penetration Testing, Plate load test  

 

 

1 Introduction 
 

Dynamic Compaction- and Rapid Impact compaction- replacement techniques are often used 

to improve the bearing and settlement/stiffness characteristics below structures or to choke 

cavities in dolomitic profiles. If used below a structure or fill, the stone columns are normally 

designed as a piled raft and capped with a high strength geotextile and a load transfer granular 

raft. Quality assurance may include the use of plate load tests to establish the Young’s Modulus 

of the stone columns, exposing some stone columns to confirm penetration depth, DPSH testing 

between the stone columns, as well as Continuous Surface Wave (CSW) testing on the 

completed granular raft. 

 

Stone column depths can normally be crudely estimated by the amount of dumprock used to 

create the stone column divided by the pounder cross sectional area used and is largely 

dependent on the in situ densities of the materials found on site. 

 

To ensure the design capacities of these dynamic replacement stone columns have been 

achieved, plate load tests are normally undertaken on some of the installed columns. The 
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designer will set specific performance criterium in terms of a Young’s modulus which is 

determined from stress and displacement measurement. The contractor normally sits with the 

dilemma that the Young’s modulus measured is lower than the required value set out in the 

project specification and having to recompact the impact positions. The contractor and the 

consultant alike therefore requires a means by which he can correlate the set (mm/blow) 

achieved to a Young’s Modulus, before undertaking the plate load test. This paper serves to 

illustrate a method by which the contractor can calculate the set required to achieve a certain 

Young’s modulus. 

 

Three sites; one on a dolomitic profile in Olifantsfontein in Gauteng, one on aeolian clayey 

sand (Berea Red Sand) in Durban and one on an alluvial clayey silt also in Durban were 

assessed to establish the set (mm/blow) required to achieve a specified Young’s Modulus for 

both the RIC and DC methods. 

 

 

2 Impact Physics  
 

In a collision of two ordinary objects, both objects are normally deformed, often considerably, 

because of the large forces involved. When the collision occurs, the force usually jumps from 

zero at the moment of contact to a very large value within a very short time, and then abruptly 

returns to zero (Giancoli, 2000). With the dynamic replacement method the impact weight is 

non-deformable whilst the soils deform. 

 

2.1 Dynamic Replacement with the Dynamic compaction method 
Dynamic Replacement with the Dynamic compaction method is normally achieved by 

dropping a +/-1.0m diameter, 12 tonne weight from a height of 18m at less than 1 blow per 

minute. 

 

The velocity of the weight just before impact will be: 

 

v = √2g(y0-y) = 18.7m/s.       (1) 

 

As the weight hits the ground, the momentum is quickly brought to zero. The Impulse on the 

weight is: 

 

 

 J = FΔt = Δp  = pf – pi  

  = 0 – (12000kg)(18.7)m/s) = -224 400 N.s   (2) 

 

In coming to rest, the body decelerates from 18.7m/s to zero over a certain distance, X, the 

penetration depth. The average speed during this brief period is: 

 

 v = (18.7m/s + 0m/s)/2 = 9.35 m/s.     (3) 

 

So, the collision time lasts: 

 

 Δt =  
d

v
  = 0.106X s.       (4) 

 

Since the magnitude of the impulse is FΔt = 224 4400 N.s and Δt = 0.106Xs, the average net 

force F has magnitude: 

 

 F = 
J

t
 = 2 116 981X-1 N.      (5)  
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F is the sum of the average force upwards (Newton’s second law) on the impact mass exerted 

by the ground, Fgrd, which we take as positive plus the downward force of gravity, -mg: 

 

 F = Fgrd – mg       (6) 

 

When reviewing the above calculation Figure 1 summarises the force exerted by the ground, 

Fgrd, on the impact mass for various values of X. Young’s Modulus values, derived from Fgrd, 

the pounder cross section and impact deflections are also summarised. A discussion on these 

Young’s moduli follows later in Section 2.2. 

 

 
Figure 1.  DC replacement 

 

From the above and when considering shear strain the shear strains are normally at levels 

exceeding about 7.5%. These values are much larger than the typical shear strain ranges 

expected from a plate load test to the failure load. 

 

2.2 Dynamic Replacement with the Rapid Impact Compaction method 
Dynamic Replacement with the Rapid Impact compaction method is normally achieved by 

dropping a +/-1.0m diameter 9 ton weight from a height of 1.5m at 40–60 blows per minute. 

 

If the same discussion is followed as per Section 2.1, Figure 2 is derived. 

 
 

Figure 2.  RIC replacement 

 

From Figure 2 it can be concluded that shear strains are at ranges exceeding about 0.5%, and 

therefore closer to the shear strain ranges of a plate load test. 
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Based on the above to achieve similar Fgrd one can conclude the ratio for RIC to DC impact 

deflections is some 0.06. One can conclude by comparing the Young’s Moduli derived that the 

values are subjected as for the same Fgrd the crater depths and associated shear strains vary due 

to the actual impact energy and therefore with the RIC method results in much higher Young’s 

Moduli values when compared to the DC method. These values also does not compare well to 

values measured on site, even for the RIC which has similar shear strains when compared to a 

conventioal plate load test. Other theories were therefore assesed to establish if one can derive 

a correlation between the set (mm/blow) and the expected Young’s Modulus from the plate 

load test. 

 

 

3 Young’s Modulus required 
 

When reviewing a settlement and bearing problem holistically one normally needs to improve 

the cumulative Young’s modulus below the structure to a depth equivalent to about two times 

the breath of the structure. In other words, Dynamic Compaction in a deep and a 

homogeneously weak profile can be considered below structures with a width of about 3m. The 

stone columns, driven in a grid pattern into the subgrade, will stiffen the profile whilst also 

stiffening the soils between and below such columns. If the profile is only weak in the top  

6–7m’s, Dynamic replacement stone columns with a granular raft can also be considered to 

improve these top layers as shown in Figure 3. 

 

One can consider stone columns as driven short piles, although not entirely true as the stone 

would not consist any cohesion, and consider the plate load test to act as a type of pile load test 

in which one can establish the Young’s Modulus or settlement behaviour. Stone columns can 

normally be installed to some 3.5—4.5m depth with the dynamic replacement methods 

depending on the soil profile and is normally spaced with methods as described by Oshima and 

Takada (1997). One can review the raft with piling raft formulations but one can also look at 

the raft and establish the cumulative improvement in Young’s Modulus required to deal with 

the structure. 

 

 
Figure 3.  Piled stone column raft below MSEW structure  
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The MSEW structures at the Mt Edgecombe Interchange and Cornubia Blackburn link bridge 

both had very low SPT-N blowcounts in the top 5–7m as well as a clay profile at the Mt 

Edgecombe I/C. The improved soil profile with dynamic replacement stone columns and 

granular raft were modelled in finite element software to establish the effect of such soil 

improvement on the behaviour of the structure. 

 

 

4 Penetration law  
 

Li and Chen (2003) as taken from Pichler et al (2004) describes the penetration law for rock 

boulders hitting gravel as with formulae describing the penetration depth as follows: 

 

X

d
 = √

1+kπ/4N

(1+ 
1

N
)π

    for  
X

d
  ≤ k, or    (7) 

 

X

d
 =  

2

π
Nln

1+1/N

(1+kπ/4N) 
 + k  for 

X

d
 > k.    (8) 

 

 

Where:  

X = penetration depth 

d = diameter of the impactor 

 

N is a geometry function characterizing the sharpness of the impactor nose, I is the impact 

function describing the intensity of the impact, and k is the dimensionless depth of a surface 

crater.  

 

The geometry function N is defined as: 

 

N = 
m

ρsd3BN*
       (9) 

 

Where  

m = mass of the impactor, 

ρs = mass density of the target material, 

B = dimensionless compressibility parameter of the impacted material (1.2 can be used for 

gravels), 

N* = nose shape factor =  
1

1+4ψ2
    where ψ = 

H

d
 (See Figure 4) 

 

The impact function I is defined as: 

 

 I = 
mv

Rd3
        (10) 

 

where  

R = strength-like indentation resistance of target materials. 

 

The dimensionless depth of the surface crater, k, can be defined as follows: 

 

k = 0.707 + 
H

d
 .       (11) 
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Figure 4. a)  Cubic Impactor with pyramidal nose  

Figure 4. b)  equivalent impactor with conical nose (Pichler, 2004) 

 

 

5 Plate Load Test 
 

Plate load tests are normally requested on completed dynamic replacement stone columns to 

establish if a sufficient improvement has been achieved. 

 

The designer must decide what Young’s modulus value is required to deal with the holistic 

problem at hand. 

 

Normally Wrench’s (1984) equation is specified to determine the Young’s Modulus of the 

stone columns from the plate load test results: 

 

E = 
(1-v2)πrσ

2p
       (12) 

 

Where: 

v = Poisson’s ratio, 

R = radius of the plate, 

σ = applied stress (kPa), 

p =deflection (mm). 

 

It is normally requested that the plate be loaded to half the required stress whereafter the 

Young’s Modulus be measured on a reload cycle ensure that all loose materials settles and does 

not obscure the results. 

 

Assuming the plate is 1000mm diameter and an influence zone of some 2D, for a Young’s 

Modulus of 50MPa a shear strain of 1.5Ɛa would be around 0.35%, similarly for impact loading 

with the Dynamic Compaction method the shear strain will be around >7.5% and roughly 

estimated to be from Figure 5 half to a third of the modulus at 0.35% shear strain. For the RIC 

method the shear strain will be >0.5% and probably around half the modulus at 0.35% shear 

strain. This modulus at large shear strains is believed to be the strength-like indentation 

resistance of the target material, R, as described by Li and Chen (2003). 
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Figure 5.  Characteristic stiffness-strain behaviour of soils with typical  

ranges for laboratory and structures (Mair, 1993) 

 

The three sites where dynamic replacement were undertaken will be discussed in further 

sections. In these sections a penetration depth is derived from Li and Chen’s formulation and 

compared to Young’s Moduli derived from the plate load test and compared to actual 

penetration values measured. 

 

 

6 Olifantsfontein (R21) 
 

Olifantsfontein involved the chocking of cavities in a dolomitic profile on the R21 with the DC 

replacement method. A Young’s modulus of 50MPa was specified but the contactor exceeded 

this value with average Young’s Moduli in the range of 125MPa.  

 

Table 1 compares the estimated and measured set using a factor of three between he Young’s 

Modulus from the plate load and R. 

  

1 
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Table 1.  Comparison between measured set and Li and Chen estimated  

set at the Olifantsfontein site 

 

Sample 

ID 

Young’s 

Modulus 

(MPa) 

Final Set 

(mm/blow) 

Estimated Set 

(mm/blow) 

1 124 150 190 

2 87 170 270 

3 149 140 160 

4 137 180 170 

 

The Mean Absolute Error (MAE) is estimated to be 42.5mm/blow larger than the actual final 

set achieved. The MAE can in all likelihood be attributed to the factor that was assumed 

between the Young’s Modulus and R used in Li and Chen’s formulation and measurement 

tolerance during the surveying of the set which was undertaken after every two blows. It can 

therefore conservatively be assumed that a set of around 160mm/blow with the dynamic 

compaction-dynamic replacement method should result in an equivalent Young’s modulus of 

around 125MPa. 

 

 

7 Cornubia Bridge Blackburn Link 
 

Cornubia Bridge involved the construction of 10m high tiered MSEW on a very weak profile 

to some 5m below the investigation NGL with characteristic cautious estimate SPT-N values 

of around 7. Stone columns were therefore required to improve this weak layer whilst stiffening 

the foundation. The dynamic replacement was undertaken with the RIC method and Young’s 

Moduli specified as 50MPa on the stone columns. 

 

A factor of 2.5 was used between the Young’s Modulus from the plate load to R. 

 

Table 2.  Comparison between measured set and Li and Chen estimated  

set at the Cornubia Bridge site 

 

Sample 

ID 

Young’s 

Modulus 

(MPa) 

Final Set 

(mm/blow) 

Estimated Set 

(mm/blow) 

1 71 26 16 

2 93 23 13 

3 90 24 13 

4 100 20 12 

5 45 19 25 

 

The Mean Absolute Error (MAE) is estimated to be 6.6mm/blow smaller than the actual final 

set achieved. The RIC rig however has on-board set measuring equipment and should therefore 

be fairly accurate.  

 

 

8 Mt Edgecombe Site 
 

Mt Edgecombe I/C site has numerous MSEW, some up to 17m high with a loose profile and 

black clays under some of the walls up to about 6m depth. Stone columns were therefore 

required to improve this weak layer whilst stiffening the foundation and acting as a wick drain 
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in the black clays. The dynamic replacement was undertaken with the DC method and Young’s 

Moduli specified as 50MPa on the stone columns. 

 

Table 3 compares the estimated and measured set using a factor of three between the Young’s 

Modulus from the plate load and R. 

 

Table 3.  Comparison between measured set and Li and Chen estimated set at the Mt 

Edgecombe I/C site 

 

Sample 

ID 

Young’s 

Modulus 

(MPa) 

Final Set 

(mm/blow) 

Estimated Set 

(mm/blow) 

1 151 218 160 

2 116 121 210 

3 140 253 170 

4 82 159 290 

5 35 351 670 

6 65 239 368 

 

The Mean Absolute Error (MAE) is estimated to be 134mm/blow larger than the actual final 

set achieved. This can likely be attributed to the surveying tolerances and bulging of the profile 

and the factor placed on the Young’s modulus. 

 

 

9 Conclusion 
 

Conventional impact physics to establish the force exerted by the ground on a pounder mass 

has shown little success in deriving a Young’s modulus value that can be compared to that 

derived from the plate load test. The method proposed in this paper, to establish the required 

set to achieve Young’s modulus derived from a plate load test, has been used successfully on 

three projects in South Africa for both the DC and RIC method with only minor discrepancies 

being noted between the predicted Young’s modulus and the set achieved. These discrepancies 

can likely be attributed to surveying accuracy and the factor used between the Young’s modulus 

derived by the plate load test and the strength-like indentation resistance, R used by Li and 

Chen. It is therefore recommended that a factor of two be used on the R in Li and Chen’s 

formulation to determine with a good degree of accuracy what set is required to achieve a 

certain Young’s modulus value from the plate load test undertaken on stone columns. The 

reader is additionally advised to take cognizance of the actual pounder geometry, weight and 

drop height being used by the contractor on site.  
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	The rotational stiffness (,𝐾-𝑟.) is facilitated by the CSW seismic test that measures the shear wave velocity at depth below the WTG footprint. The foundation stiffness is of importance for the design and the investigation depth should cover at leas...
	,𝐾-𝑟.= ,8 ,𝐺-𝑑𝑦𝑛 .,𝑅-3.-3 (1−𝑣).< 72 𝐺𝑁𝑚/𝑟𝑎𝑑     (6)
	Continuous Flight Auger (CFA) piles where proposed in the four positions with inadequate rotation stiffness. Conventional ground improvements (Dynamic compaction and stone columns) were not feasible for this application due to the depth of incompetent...
	,𝑄-𝑠.=  1359 𝑘𝑁         (7)
	,𝑄-𝑏.=  1589 𝑘𝑁         (8)
	Poor inherent soil conditions and the presence of groundwater compromised the safely and economics of the WTG foundations. The total shallow foundation concrete was 585m3 for each WTG. The deep foundations were introduced due to the inadequate rotatio...
	4 Case study 2
	4.1 Geological Setting
	The site area is characterized by metamorphosed sedimentary rock consisting of quartzitic sandstone and mudstone-Tilite inter-bedded with schist. During the site investigations highly weathered gneiss was also retrieved. The shallow bedrock was consis...
	4.2 Geotechnical stability checks
	The geological setting consisted of complex metamorphosed sedimentary rock inter-bedded with schist. Inexpensive and quick Point load tests (PLT) were conducted on the rock samples to extrapolate the strength of the 4 geotechnical units. The shallow b...
	Table 2.  Foundation Geometry
	The zero percent gapping evaluation was calculated with unfactored SLS moment loading. e SLS overturning = 1.96, e limit foundation = 2.30 in Equation 9. Mres = resultant SLS moment, Frv = resultant vertical loading and D = foundation diameter
	,𝑒-𝑆𝐿𝑆 𝑜𝑣𝑒𝑟𝑡𝑢𝑟𝑛𝑖𝑛𝑔.= ,𝑚-𝑟𝑒𝑠./,𝑓-𝑟𝑣. < ,𝑒-𝑙𝑖𝑚𝑖𝑡 𝑓𝑜𝑢𝑛𝑑𝑎𝑡𝑖𝑜𝑛 .=𝐷/8   (9)
	The CSW seismic test results measured shear wave velocity at depth below the WTG footprint. The lowest shear wave location was WTG 20 with an average shear wave velocity of 347 m/s within the critical influence zone of one foundation radius. The resul...
	,𝐾-𝑟.= ,8 ,𝐺-𝑑𝑦𝑛 .,𝑅-3.-3 (1−𝑣).< 275 𝐺𝑁𝑚/𝑟𝑎𝑑     (10)
	The factored normal resultant wind loading moment is calculated in Equation 11. Mres = Normal resultant moment and Mrv = resultant moment vertical loading. The lack buoyancy force improves the overturning stability of the WTG, as no groundwater was re...
	,𝑚-𝑟𝑒𝑠.= 106 544 𝑘𝑁 < ,𝑀-𝑟𝑣.= 181 218 𝑘𝑁      (11)
	The factored horizontal wind load (frh) should not exceed the resultant vertical load generated friction (ff) in Equation 12. The weight of the concrete tower results in four the horizontal force to withstand foundation sliding.
	,𝑓-𝑟ℎ.= 1809 𝑘𝑁 < ,𝑓-𝑓.= 9281 𝑘𝑁       (12)
	The shallow bedrock provides high bearing capacity to withstand the maximum soil pressure transferred to the stratum. The maximum soil pressure (Pmax) generated by the circular mass gravity base foundation did not exceed the bearing capacity (Bc) of t...
	,𝑃-𝑚𝑎𝑥.= 626 𝑘𝑃𝑎 < ,𝐵-𝑐.= 3243 𝑘𝑃𝑎      (13)
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	In a collision of two ordinary objects, both objects are normally deformed, often considerably, because of the large forces involved. When the collision occurs, the force usually jumps from zero at the moment of contact to a very large value within a ...
	2.1 Dynamic Replacement with the Dynamic compaction method
	Dynamic Replacement with the Dynamic compaction method is normally achieved by dropping a +/-1.0m diameter, 12 tonne weight from a height of 18m at less than 1 blow per minute.
	The velocity of the weight just before impact will be:
	From the above and when considering shear strain the shear strains are normally at levels exceeding about 7.5%. These values are much larger than the typical shear strain ranges expected from a plate load test to the failure load.
	2.2 Dynamic Replacement with the Rapid Impact Compaction method
	Dynamic Replacement with the Rapid Impact compaction method is normally achieved by dropping a +/-1.0m diameter 9 ton weight from a height of 1.5m at 40–60 blows per minute.
	If the same discussion is followed as per Section 2.1, Figure 2 is derived.
	From Figure 2 it can be concluded that shear strains are at ranges exceeding about 0.5%, and therefore closer to the shear strain ranges of a plate load test.
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	The MSEW structures at the Mt Edgecombe Interchange and Cornubia Blackburn link bridge both had very low SPT-N blowcounts in the top 5–7m as well as a clay profile at the Mt Edgecombe I/C. The improved soil profile with dynamic replacement stone colum...
	4 Penetration law
	Figure 4. a)  Cubic Impactor with pyramidal nose  Figure 4. b)  equivalent impactor with conical nose (Pichler, 2004)
	5 Plate Load Test
	Plate load tests are normally requested on completed dynamic replacement stone columns to establish if a sufficient improvement has been achieved.
	The designer must decide what Young’s modulus value is required to deal with the holistic problem at hand.
	Normally Wrench’s (1984) equation is specified to determine the Young’s Modulus of the stone columns from the plate load test results:
	Figure 5.  Characteristic stiffness-strain behaviour of soils with typical  ranges for laboratory and structures (Mair, 1993)
	The three sites where dynamic replacement were undertaken will be discussed in further sections. In these sections a penetration depth is derived from Li and Chen’s formulation and compared to Young’s Moduli derived from the plate load test and compar...
	6 Olifantsfontein (R21)
	Olifantsfontein involved the chocking of cavities in a dolomitic profile on the R21 with the DC replacement method. A Young’s modulus of 50MPa was specified but the contactor exceeded this value with average Young’s Moduli in the range of 125MPa.
	Table 1 compares the estimated and measured set using a factor of three between he Young’s Modulus from the plate load and R.
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	7 Cornubia Bridge Blackburn Link
	Cornubia Bridge involved the construction of 10m high tiered MSEW on a very weak profile to some 5m below the investigation NGL with characteristic cautious estimate SPT-N values of around 7. Stone columns were therefore required to improve this weak ...
	A factor of 2.5 was used between the Young’s Modulus from the plate load to R.
	Table 2.  Comparison between measured set and Li and Chen estimated  set at the Cornubia Bridge site
	8 Mt Edgecombe Site
	Mt Edgecombe I/C site has numerous MSEW, some up to 17m high with a loose profile and black clays under some of the walls up to about 6m depth. Stone columns were therefore required to improve this weak layer whilst stiffening the foundation and actin...
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