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Abstract 
 
The state of compaction of soils affects soil properties and therefore fill performance. In Hong Kong, the 
condition of compacted fill indicates that some soils are in an under compacted state after the completion 
of the works, with settlements being observed at a later date of the finished ground surfaces. Depressions 
in brick pavements over previously backfilled pits or utility trenches indicate that the degree of 
compaction was less than adequate. 
 
For engineered soil fill slopes, the onus is greater with potential slope instability issues with lower factors 
of safety and seepage - erosion issues arising.  As such, improvements in the control of compaction are 
required with the degree of compaction being an important indicator in determining weather the 
compacted soil is acceptable for inclusion into the permanent project works.  The specification provides 
for an end product degree of compaction but further measures are needed to ensure the design shear 
strength criteria are also met.  
 
To rectify the issue of under compaction, a closer examination of the known compaction process with an 
important link to the critical state parameters is made. The principles behind the compaction process are 
further examined with the relationship of soil properties to compactive effort using laboratory tests. 
Factors that affect the degree of compaction of a soil layer need closer attention during the compaction 
process.  
 
The geotechnical engineer can control the condition and compaction of soil during the site compaction 
process and therefore the soil strength properties and performance of the engineered fill slope. 
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1.0   INTRODUCTION 
 
The geotechnical practitioner’s unique engineering material is that of some product of soil or rock. 
Compacted fill can be termed ‘engineered fill’ which by definition is controlled by the Engineer to 
achieve the desired engineering properties for the place soil fill.  The control of soil compaction is of 
paramount importance if the soil design parameters are to be achieved by the construction process.  When 
it is not achieved, the affects are easily observed in our daily lives as depressions in brick pavements over 
previously backfilled pits, Plate 1 and utility trenches, Plate 2 or holes forming directly in slope fill, Plate 
3, which indicates that the degree of compaction was less than adequate.  
 
Various soil property tests are used to identify the soil condition prior to compaction to ensure correctly 
compacted soil layers. A soil that is compacted adequately will not be affected adversely by further 
loading or by the presence of water flow as long as measures are taken to prevent internal piping erosion 
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as for water retaining bunds or earth fill dams, Plate 5. Protection of fill slopes is also an important 
consideration as erosion from natural surface flow of rain water will cause surface rutting and long term 
erosion requiring some form of revetment to act as slope surface protection, Plates 5 and 6. 
 

   
 
Plate 1: Brick paving collapsing 
around a manhole pit feature. 

Plate 2: Brick paving settling 
along a ‘backfilled’ trench. 

Plate 3: Crest of slope showing a 
sinkhole in ‘Engineered Fill’. 

 
Although various methods of fill placement are available, with hydraulic or mechanical soil placement 
being available, the construction processes are completely different particularly for the various types of 
soils being used and the type of compaction required to densify the soil. Typically hydraulic fill is 
pumped in a marine setting, with no fines sand compacting through hydraulic means and later being 
compacted further by vibro-flotation methods down to about 20m from the surface. The upper surface is 
compacted using standard compaction equipment for the upper 3m.   
 

     
 
Plate 4: Vertical displacement at 
bridge abutment due to fill 
compression and utility trench 
settlement. 

Plate 5: Crest of Harper II Earth 
fill Dam and upstream face 
protected with revetment blocks. 
(Wightman, 1994) 

Plate 6: Upper River Indus 
bunds protected by grasscrete 
blocks. (Wightman & Cheung, 
2008) 

 
This paper focuses on the land compaction process using mechanical plant in order to achieve an 
acceptable compacted soil layer.  The correct compaction of soils is of prime importance as it affects both 
the factor of safety of slopes, can create potential for settlement of earth fill or can create potential 
instability from internal erosion or ‘piping’ causing failure. From observation, the state of compaction of 
soils in Hong Kong indicates that some further measures are required to be put into practice particularly 
on relating to major works projects where finished road pavements, Figure 4 may be damaged by soil 
compressing after being whetted by water or adjacent utility trenches subsiding leading to pavement 
collapse. As the degree of compaction of soil affects the behaviour and performance of both finished 
compacted surfaces and stability of slopes alike, it is therefore imperative to the geotechnical engineering 
profession to maintain a good level of control.   
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2.0   REVIEW OF COMPACTION REQUIREMENTS 
 
The main document controlling the placing of fill in Hong Kong is the General Specification for Civil 
Engineering Works (HKGSCEW), Section 6, for Earthworks (CEDD, 1992).  This document provides a 
detailed set of criteria and conditions for the placement and testing of different types of fill. All 
government departments refer to the specification with Practice Notes for Authorised Persons (PNAP) 
give further information on requirements for placed fill.  These are contained in PNAP 55 (BD, 1994), 
PNAP 138 (BD, 1990a), PNAP 147 (BD, 1990a) and PNAP 167 (BD, 1990a).  Highways department 
guidelines for reinstatement of trenches are also reviewed (HYD, 1996) and (HYD & GEO, 2003).  The 
HKGSCEW uses the comparison of compacted soils to that of the maximum dry density as obtained from 
the 2.5kg Proctor compaction test.  
 
Ng & Lumb (1980) highlighted the problems of soil compaction relating to slope failures and noted that 
the soil structure needs to be sufficiently close or dense prior to saturation to prevent soil slumping caused 
by water saturation and potential catastrophic soil collapse. They pointed out the critical relative density 
requirements for fill slopes and show relationships of soils strength to dry density with a recommendation 
for the relative density required to prevent soil ‘collapse’. The recommended critical relative density 
values relate to critical density of soils and are therefore not related to the maximum density of soils. The 
shear strength at these values of critical dry density provided low values of the soil shear strength below 
the peak shear strength as sued in design.  
 
Further independent work was carried out by Brady et al (1983) from TRRL in Crowthorne UK with 
initial relationships showing shear strength with increasing dry density. Wightman (2008) provided 
further modification to the degree of compaction with the suggestion of using a Compaction Shear 
Strength Factor, CSSF to determine design value of dry density in order to achieve the design soil shear 
strength. Further enhancements for checking fill slope stability, by using peak dry density (PDD) which 
relates to peak soil shear strength are made in this paper.  
 
3.0   SOIL BEHAVIOUR RELATING TO COMPACTION 
 
Craig (1987: revised 2004) states that in general for a higher degree of compaction the higher will be the 
shear strength and the lower the compressibility of the soil which is measured in terms of the dry density 
of the soil. Degree of Compaction, Cd is given by the ratio between measured in situ dry density and the 
maximum dry density as determined by the 2.5 kg Proctor test in percent. 

 
The percentage of air voids at any given moisture content indicates that the compactive effort has 
achieved a limiting density. At an ‘optimum’ moisture content, wOPT, the same compactive effort achieves 
a ‘maximum’ density or the highest for that particular soil with same applied compactive effort. In terms 
of dry density this would be ρd-max. At the highest compactive effort applied (say using vibration 
compaction to refusal), the dry density achieved would be considered to be the highest possible and 
would therefore be termed the Peak Maximum Dry Density (PDD), ρd-peak. This means that for a range of 
compactive efforts there will be a range of ‘maximum’ dry densities that will form a locus of results.   
 
The design dry density, ρd-DESIGN, therefore can be found by relating to the design shear strength, φ'DESIGN., 
given in Equation (1), Wightman (2008 - In Press). 
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Where: ρd-DESIGN  = Design Dry Density 
φ'DESIGN = Design Angle of Shearing Resistance 
φ'cv = Angle of shearing resistance at Constant Volume 
ρd-cv = Dry Density when Constant Volume is achieved 
CSSF = Compaction Shear Strength Factor – the slope of the shear strength – dry 

density relationship 
 

Selecting compaction moisture contents 
The design dry density, ρd-DESIGN, is obtained from the dry density – shear strength relationship plot. The 
compactive effort curves for the soil are used to relate ρd-DESIGN to an optimum moisture content or design 
optimum, wopt-DESIGN.  A range of moisture contents can be obtained from the compaction curve in order 
to achieve the design dry density. The Degree of Compaction, Cd, requires the PDD or peak dry density to 
be used, ρd-peak, for the calculation. The minimum allowable Cd given by the following Equation (2): 

 
                                   
(Eq. 2) 
 
 

Where: Cd  = Degree of Compaction (true or absolute value) 
ρd-DESIGN- = Dry Density ( 
ρd-peak = Peak Dry Density (PDD) determined from compactive effort range from 

different compaction tests (2.5 kg and 4.5 kg Proctor and vibrating hammer 
compaction tests, Figure 1). 

 
Figure 1: Comparison of Different Compactive Efforts to find Peak Dry Density. (After 

Wightman, 2008) 
 
Behaviour of Soil during Shearing 
Shearing behaviour of granular soils follows either a dilatory or compressive path depending on the initial 
dry density of the sample, Figure 1.  A special case is where neither occurs when the soil is in a critical 
state of constant volume (cv), i.e.at a constant dry density (ρd-cv). Therefore as interlock between the 
particles is greater, the dilation will be greater i.e. a higher density of the soil, creating higher angle of 
shearing resistance. The action of shearing when dilation is present will create a maximum angle of 
friction, φ'max to be recorded, Figure 2, depending on the initial dry density.  After the maximum is 
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reached the zone of shearing becomes ‘looser’ and with further straining will reach a limit termed 
‘constant volume’, φ'cv is reached.   

 
Figure 2: Effect of Increasing Density on Rate of Dilation and Angle of Shearing 

resistance: General behaviour of granular soil in a shearbox test after 
Brady et al (1983). 

 
At the maximum initial dry density ρd-max, the maximum angle of shearing resistance will be termed 
‘peak’, φ'peak. Findings from Brady et al (1983) show the affect of increasing initial soil dry density: 
 

(1)  Increases the particle interlock component (φ'd) and as a result by increasing the rate of dilation 
(dv/dh) of the soil during shearing. 

(2) Increases the angle of shearing resistance from φ'cv to φ'max. 
 

Affect of Plastic Limit  on Moisture Content Range. 
The plastic limit also plays a part in the compaction process.  The plastic limit is the lower cut off in the 
moisture content range, below which soils become ‘non-plastic’ and do not compact well with a rapid 
drop off in achievable density for the same compactive effort.  Increasing the compactive energy may 
compact marginal soils to an acceptable level, i.e. by re-rolling / compacting the layer.  
 
4.0   SITE CONTROL OF COMPACTION 
 
Soil Grading control 
Changes from the soil grading specification, as encountered on site for river bund design (Wightman & 
Cheung, 2008), had far reaching consequences for both design and long term performance. A fine fill was 
replaced by a coarser general fill with permeability at least two orders or greater. This would have been 
unacceptable for river bund design which required an impermeable core which subsequently required the 
inclusion of a geomembrane cut-off in the centre of the bund to control water seepage. The compaction 
properties were also changed as a consequence. The grading should be carefully monitored as there are 
large variations within one type of stratum for instance completely decomposed granite (CDG) shows a 
change in grading with depth from the surface of the solid bedrock with greater proportions of sand and 
fine gravel at depth and increased silt and clay content as the feldspars decompose. This indicates that for 

Increasing Initial Density 
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borrow areas careful excavation of CDG is required to obtain materials with similar properties for both 
compaction and strength. 

 
Methods of Moisture Content Control 
Quick methods used on St. Helena Island Earth Fill Dam (Wightman, N.R.- Private Notes on 
‘Construction of an Earth Embankment Dam on St. Helena, South Atlantic Ocean’, 1994) were the 
microwave oven (see refs: Chung & Ho (2008) - GEO Report No. 221) & Ryley (1969) with checking 
using the standard oven. 

 
Compaction Control 
To achieve full compaction control, all aspects need to be monitored and recorded for reference 
to the design requirements. The following are needed to achieve full control of the compaction 
process including a number of enhancements: 

• Resource a borrow pit of suitable soils in correct moisture content (m/c) range. 
• Check material grading using Particle Size Distribution (PSD) test. 
• Carry out proctor compaction tests to derive OMC at Peak maximum dry density (PDD) and the 

controlling soil moisture content limits. 
• Determine Compaction Shear Strength Factor, CSSF, from φ’ versus dry density relationship from 

a series of shear strength tests as different densities. 
• Carry out Atterberg Limit tests (fine soils) to derive Plastic Limit, LP. 
• Carry out trial compactions on site for each plant type to determine number of passes and 

maximum thickness to achieve the density – strength criteria. 
• Monitor BULK soil thickness when spread. (Soil should compact to a thickness less than the 

maximum value as determined from the trial compaction test).  [Note carefully: Do not mark 
layer thickness up the back of a retaining wall: each layer needs to be monitored individually]. 

• Check moisture content on delivery of soil to the site by a rapid test method, either 2 minute 
Microwave Oven test method or the Speedy Moisture Content test device. 

• Very wet soils or very dry soils do not compact to the correct degree of compaction.  They are 
very difficult to modify on site to the correct moisture content and should be treated as 
unacceptable materials for works: Provide protection of permanent works. 

• Check number of passes of compaction plant, area compacted and carry out the required no. of in 
situ density tests. Measure levels of the completed layer. 

• Check density vrs depth through a compacted layer (not just the top of the layer, as an end 
product error may result with the base of the layer being of lower density and therefore lower 
than the measured density results). Calculate Degree of Compaction, Cd. 

• Thick layers do not compact as the low part of the layer will be under compacted (Note: 500mm 
is ONLY applicable to rock fill and should never be used for the finer soils). 

• Continue with next layer, providing a key between layers by using a tracked vehicle 
 

In situ Density Testing 
There are a number of methods available to determine the density of the in situ soil.  These can be 
separated into direct and indirect measurement methods. Usual practice uses the sand replacement test 
with other methods such as using a small corer, U100 soil sampler or nuclear density meter 
although it has a limitation in measuring discrete layers within a soil layer The mazier soil sampler is 
used for deeper soil sampling checks. The soil is retained in a plastic tube but care needs to be taken that 
the tube is stiff rather than flexible which may damage the samples. The cutting shoe lip should also be 
negligible in thickness, but even at a minimal thickness of 1mm, Plate 10, allows a void around the 
sample (over 5% of the sample volume) which may be water filled. This extra water may be absorbed by 
the sample thereby changing the water content and may cause sample swelling o loosening which 
affects the density measurement. Cutting shoe damage also affects results with poorer sample recovery, 
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Plate 11. The sand replacement method is normally used which requires a reasonable level of skill by the 
operating soils technician. Time delays in commencing measurement of in situ density arise on hot dry 
days and equally during wet periods which affect the measured moisture content of the soil. Test areas 
therefore need to be protected from the affects of the climate. 
 

Plate 10: Mazier cutting shoe showing the 
location of the 1mm thick lip inside the shoe. 

Plate 11: Cutting shoes should remain in a 
good condition without dents or worn parts. 

 
Type of Plant and the Trial Compaction  
For each type of plant a compaction trial is required. Different sizes of plant are used of specific tasks, 
Plate 7. Compaction plant Proprietors give information to help select equipment but this should be used 
only as a rough guide to soil layer thickness.  Trial compaction is needed for each soil and plant type used 
in order to select both layer thickness and the number of passes within the controlling OMC range. Bulk 
layer thickness limits help to control compacted layer thickness. Lighter plant would require thinner 
layers of finer soil up to 150mm thick to be used. Heavy construction plant with vibrating rollers are able 
to compact thicker layers of fill to the maximum compacted thickness of between 250mm / 400mm 
depending on soil grading,. Rock fill can be compacted from 500mm to over 1m depending on coarseness 
and plant. The relationship between the thickness of the layer, to the number of passes for each type of 
plant used therefore must be investigated by carrying out Compaction Trials on site. 

 
Earthworks at the Earth Fill Dam on St. Helena Island, SAO (Wightman, N. R., 1994). 

 
 
 
 
 
 
 
 
 
 
 
 

Plate 7: Thickness controlled by level and compacted by twin wheel roller and vibrating plate. 
 

  Top of the Earth Fill Dam 
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Compaction results  
The results in situ sand replacement density tests for in situ soil density with tests carried out at the top, 
middle and bottom of the layer, by excavating 100mm or 150mm prior to in situ density measurements, 
Figure 2. The results indicated that the density decreased with test depth in a single layer, Figure 3.  

 
Figure 2: Schematic Diagram of layer thickness and in situ density testing depths with results 

 

 
Figure 3: Diagram of layer thickness and in situ density testing depths with results 
 

    
Figure 4: Diagram of layer thickness passing the 

compaction density tests 
Figure 5: Diagram of layer thickness not passing 

the compaction density tests 
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For a layer 300mm or less thick requires a degree of compaction over 95 percent to ensure the quality of 
the compacted soil, Figure 4 whereas Figure 5 shows under-compacted soil caused by over thick layers. 

 
4.0   SLOPE STABILITY ISSUES 

 
The affect of compaction has a bearing on the factor of safety in engineering slope design. For fill slope 
design, the ‘design’ dry density is required in order to ensure that the ‘design’ value of shear strength is 
obtained. Should the required ‘true’ degree of compaction not be reached on site then the required factor 
of safety will not have been obtained. The degree of compaction Cd will therefore be related to a peak dry 
density (PDD). The maximum shear strength of a soil occurs at ‘Peak’ maximum Dry Density (PDD), 
therefore a range of dry densities relating to degree of compaction, Cd, must also be obtained, Table 1. For 
the required ‘design’ soil shear strength, φ'DESIGN, the design dry density is determined and required 
degree of compaction.  Slope stability analysis strength parameters need to be based on remoulded soil 
and the measured compacted density. 

 
Table 1: Calculation of Degree of compaction, Cd, from various dry densities and related angle 

of shearing resistance.  Calculation of Compaction Shear Strength Factor, CSSF. 
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Figure 6: FoS of different slopes relating to angle of shearing resistance & Degree of 

Compaction, Cd. 
At a factor of safety of 1.4, a slope angle of 26.5 degrees using compacted CDG fill could be achieved but 
the soil must achieve an angle of shearing resistance of at least 35.2 degrees, Figure 6. This can only be 
achieved at a degree of compaction of 95% peak dry density as derived using a range of compactive 
efforts to obtain the PDD and using the true degree of compaction. Steeper slopes would require a degree 
of compaction up to 100% and this is deemed to be not practical or achievable in the field. 
 
5.0   CONCLUSION 

 
Effective soil compaction control requires full understanding of the soil property relationships. Unless a 
soil has been compacted to its peak dry density or close it, the ‘peak angle of shearing resistance’, φ'peak , 
will not be achieved. The use of the Compaction Shear Strength Factor, CSSF, makes this possible is 
derived from a series of shear strength – density tests. The Peak (maximum) Dry Density (PDD) is 
derived from a series of compaction tests with a range of compactive efforts to enable the correct 
Optimum Moisture Content and controlling moisture content range to be derived. Various site control 
measures are required to ensure that the fill placement process is enhanced with the methodology of 
compaction control. Fill slope design factors of safety would be achieved in the field by properly 
controlling soil condition and soil properties to create the ‘Engineered Fill’. Compaction control is 
paramount to ensure slope safety is not compromised.  
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