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ABSTRACT : Engineers have often used impact compaction to improve the state o f the in-situ material on which they have to found a 
variety o f structures. Various prediction models have been used in estimating the energy requirement for improvement using dynamic 
compaction, but little has evolved in the field o f impact compaction. The intention o f this paper is to present a simplified model that 
can be o f practical use to engineers to estimate the profile o f improvement in  the ground using impact compaction plant. The paper 
firstly justifies the use o f the profile o f volumetric strain as an indicator o f the improvement expected and then gives various examples 
o f the use o f the model to predict the improvements possible. The model is also shown to work well for dynamic compaction in  un
saturated conditions and may well be used for predictions using conventional vibratory compaction equipment where surface settle
ment is monitored.

RÉSUME: La compaction dynamique est fréquemment utilisée pour améliorer in situ la condition des sols destinés à recevoir diverses 
structures. Différents modèles de prédiction ont été utilisés pour parvenir à des estimations des besoins en énergie pour la mise en 
oeuvre de la compaction dynamique des sols, allant d'équations empiriques à  des méthodes numériques bien plus sophistiquées. 
Cependant, le domaine de la compaction dynamique n 'a  que peu évolué. Le but de cet article est la présentation d 'un  modèle simplifié 
qui peut s'avérer d 'usage pratique â l'ingénieur pour obtenir une bonne estimation du profil d'amélioration des conditions de sol par 
compaction dynamique. Dans un premier temps, les auteurs justifient l'utilisation du profil de déformation volumétrique comme indi
cateur de l'am élioration attendue; Ils donnent ensuite des exemple de l'utilisation du modèle pour prédire les améliorations possibles. 
La bonne performance du modèle est également démontrée dans des cas de compaction dynamique en conditions de non-saturation; le 
modèle peut aussi être utilisé pour des prédictions dans des cas compaction vibratoire conventionelle avec contrôle du tassement sur- 
facique.

1 INTRODUCTION

1.1 Background

Impact compaction was first used in South Africa in 1949 to 
achieve deeper compaction than previously possible with con
ventional compaction plant (Paige-Green, 1998). Since then 
much mechanical development has been undertaken by Landpac, 
the manufacturers o f these revolutionary machines, shown in 
Figure 1, culminating recently in their use in the compaction of 
the runways at Chep Lap Kok airport in Hong Kong.
Recent research, initiated and sponsored by Landpac, aimed at 
gaining a better understanding o f the ground improvement pos
sible with the various impact compactors available (Africon, 
1998) and that undertaken by the authors has revealed patterns 
that appear predictable. The aim  o f this paper is to present the 
work undertaken and the resulting volumetric strain influence 
ground improvement prediction model.

1.2 Methodology

This paper firstly reviews the pertinent prediction models cur
rently available. Then the profile o f volumetric strains under a 
compactive load is discussed. The basis for the initial model is

Figure 1 : A 25kJ impact compactor (courtesy Landpac)

then presented followed by the revised model. Some examples of 
use o f the model to predict void ratio reduction under an impact 
compactor are then given. The effect o f variations o f surface set
tlement on the improvement profile is also shown. Finally, the 
use o f the model to predict improvement for dynamic compac
tion and even conventional compaction is illustrated, provided 
the approximate surface settlement is known. No attempt is 
made to estimate energy requirement as is conventional, in order 
to keep the modeling simple.

2 PERTINENT LITERATURE

2.1 Dynamic compaction prediction models

Initial dynamic compaction prediction models focused mainly on 
the energy required to improve the ground to various depths 
(Menard and Broise, 1975). Terashi and Juran (2000) gave a 
comprehensive review o f the more recent modeling available in 
the field o f dynamic compaction. Current models now estimate 
the degree o f improvement as well as the energy required. The 
authors note that “The design o f a dynamic compaction project 
involves the determination o f tam per weights, grid pattern, drop 
heights and depth o f  influence”. From the field observations and 
numerical analyses undertaken by the authors o f this paper, it is 
suggested that the compactor’s effective diameter be added to 
the above list, as this has a major influence on the improvement 
achieved. The model proposed by Poran and Rodriguez (1992) 
confirms the importance o f compactor diameter in a model that 
allows the energy required to achieve certain percentages o f 
volumetric strain to be estimated at various depths in a dry sand. 
Although the method is iterative, simple equations are given for 
the improvements possible. A  depth o f  influence o f about 3m is 
obtained using this method, at 30 blows o f a 25kJ impacting 
mass o f 0.9m diameter. A  similar prediction model, based on
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Figure 2: Patterns o f  improvement (after Lukas, 1986)

centrifuge testing o f dry sand, was proposed by Oshima and Ta- 
kada (1997). This model relates the changes in relative density o f 
the soil, Dr, to the momentum o f the pounder. Negative values of 
improvement can be obtained however, for very low energy lev
els. Improvement o f up to 2m at 30 blows o f a 25kJ impacting 
mass o f 0.9m diameter was obtained using this model.

Although both these methods are promising, they are both 
based on testing o f dry sand in the laboratory and require further 
calibration for field use. An inherent assumption built into the 
equations is that the improvements will be achievable if  the re
quired energy is imparted. As various materials o f different 
grading, structure, moisture content and initial void ratio will of
fer differing frictional resistance to compaction, the estimation of 
energy to overcome this friction is complex and material de
pendent.

Several recent papers have also highlighted that the im
provement during compaction is proportional to  the settlement 
achieved. Poran et al (1992) showed that the change in settle
ment was proportional to the change in densification, suggesting 
that the rate o f change o f settlement be monitored to control 
compaction. This practice has been standard in the control o f 
impact compaction since the mid 1970’s by South African road 
engineers. The importance o f enforced surface settlement is also 
shown by Lo et al (1990), who effectively say that the improve
ment is proportional to the settlement achieved.

A  model that can predict the improvement in  the ground and 
bypass the complex issue o f energy requirements, and is based 
on settlement, would therefore be both justified and o f practical 
use. This paper suggests a simple method o f  predicting the im
provements possible under an impact compactor in unsaturated 
conditions, based on surface settlements achieved after compac
tion.

Before continuing, the patterns o f  behaviour noted by Lukas 
(1986) are worth noting. These patterns, shown in Figure 2, have 
been confirmed in  this study and are central to the proposed 
model.

Vertical compaction strains

0.00 0.10 0.20 0.30 0.40 0.50

Figure 3: Vertical compaction strains under an impact compactor (Berry 

et al, 1998)

tinuous Rayleigh distribution is proposed, which can be adjusted 
to yield a similar shape, as shown in Figure 4. The proposed 
variation o f permanent volumetric strain w ith number o f impact 
compactor passes is shown in Figure 5, assuming that the densi
fication is proportional to the surface settlement o f the ground. 
The surface settlement can be conveniently modeled using a 

negative exponential curve o f the following form:

s = s (̂L-e~‘Jt) (1)

where s=surface settlement; snuix=maximum settlement, 
a=curvature, N=number o f passes
The resulting model is similar to the patterns noted by Lukas in 
Figure 2:

3 SOIL BEHAVIOUR UNDER A COMPACTIVE LOAD

3.1 Patterns observed

The strains in the ground after 60 passes o f an impact com
pactor were measured in a visual settlement indicator test (Afri- 
con, 1998), where an excavated test pit was backfilled in 300mm 
layers, lightly compacted and lime sprinkled on the layer inter
faces. After compaction the pit was carefully excavated and the 
permanent strains measured. The results are shown in Figure 3, 
where a distinct peak in  the profile can be seen The shape o f this 
strain diagram looks remarkably like Schmertmann’s strain in
fluence diagram (Schmertann et al, 1978).

3.2 Initial model proposal

Initial modeling assumed the distribution o f permanent volumet
ric strain followed a  profile similar to that given by Schmert- 
m ann (1978). Instead o f a triangular distribution o f strain, a con-

/ ( * )  =  —  « 
cr

2.5B Rayleigh

ill 1 ]..- ri r ! ui 11

Figure 4: Comparison o f  Rayleigh and Schmertmann distributions

1710



Plastic volumetric

Figure 5: Initial volumetric strain influence prediction model proposed

As the surface settlement is the integral o f the vertical plastic 
strain with depth, the total surface settlement achieved after 
compaction can be re-distributed over the depth o f influence of 
the load it is proposed in proportion to the magnitude of the 
volumetric strain at that depth. The void ratio reduction can then 
be back-calculated.

In initially it was assumed that the strains were one- 
dimensional, as impact compaction covers the full surface o f the 
total compacted area. Back-calculations o f void ratios in this 
manner consistently yielded over estimations o f the void ratio 
reduction however.

An explanation o f  this can be offered by taking lateral strains 
into account. The following simplified method o f calculating the 
nett volumetric strain from the vertical strains is offered. Con
sider an element o f soil subject to uniaxial compression (Figure 

6).

The initial and final volumes are given by
V0=a.b.c (2)

and
V(=a.b.c.(l+eXl-veXl-vE) (3)
(assuming lateral strains are equal, and equal to -ve)

Ignoring higher order terms, the change in  volume is given by 
AV=a.b.c.(l-2v).e (4)

The volumetric strain A V /V 0 is obtained from 
A V /V 0= (1 -2 v ).e  (5 )

where e=vertical compressive strain; v=Poisson’s ratio

As the above equations are elastic and the modeling is plastic, 
the Poisson’s ratio used in the calculation will be termed the op
erative Poisson’s ratio v'. The operative Poisson’s ratio is there
fore the ratio o f permanent vertical strains to the permanent lat
eral strains. Values o f 0.15 were typically found at the end o f the 
impact compaction process.

3.3 Revision to model

Calculation o f the elastic volumetric strains along with compo
nents o f strain under the center o f a circularly loaded flexible 
plate is given in Figure 7.

From the figure it can be seen that the volumetric strain at the 
center o f the loaded area follows a profile that is similar to the 
vertical stress profile. Elastic theory does therefore not support 
the presence o f a peak in the improvement profile as suggested 
by Lukas in Figure 2 and found by the first author in many field 
observations and profiles. As large dynamic loads are imparted 
to the ground with contact stresses in excess o f 700kPa, non

linear soil behaviour is likely. A  non-linear analysis o f the varia
tion o f volumetric strains across the base o f the compactor using 
a static analysis with the equivalent dynamic load as input re
vealed the following trends using a Mohr-Coulomb soil model 
(shown in Figure 8).
•  The volumetric strain profile varies quite considerably 

across the base o f the compactor
•  A  profile similar to the elastic profile o f volumetric 

strains occurs at the center o f the loaded area, but dila
tion often occurs at the edge of the loaded area

•  W eaker soils showed a greater tendency to dilate to
wards the edges o f the loaded area.

In a non-linear soil, a  portion o f the total volumetric strain is 
permanent and hence it is proposed that the plastic volumetric 
strain profile is proportional to the total volumetric strain profile. 
Also, as it is likely that the measurement o f void ratio reduction 
will reflect the average behaviour, it is proposed that the average 
profile be adopted for use in  modeling. The revised model based 
on this average behaviour is shown in Figure 9.

The volumetric material behaviour in the upper portion o f the 
profile w ill vary depending on the strength parameters with 
weaker soils showing a greater tendency to dilate. For these soils 
a volumetric profile similar to that given in Figure 4 may be 
more appropriate.

Strain sv,sr,svol 

-1.0% 0.0% 1.0% 2.0% 3.0% 4.0%
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Volumetric strain

Figure 8 : Non-linear analysis o f  volumetric strain profile

The shape o f the volumetric distribution should be deter
mined by an appropriate means. It is not intended that the sug
gested distributions be blindly adhered to, but determined for 
each site. It is expected that volumetric profiles similar to that 
shown above should be obtained. The latter proposed volumetric 
strain influence diagram was used in the verification process and 
found to yield good results and can be used i f  a more detailed 
numerical analysis is not available.

3.4 Proposed volumetric strain influence ground improvement 
prediction modeling procedure

A volumetric strain influence ground improvement prediction 
model for impact compaction is proposed as follows:
•  A  field trial using the impact compactor is undertaken and 

the surface settlement versus number o f passes measured
•  The curvature o f the settlement equation is back-calculated 

using equation 1.
•  The volumetric strain influence profile is estimated using an

Permanent Volumetric

Figure 9 : Revised volum etric strain influence model

appropriate numerical model. If  no numerical modeling is 
undertaken, a standard Rayleigh distribution can be used 
(equation given in Figure 3), for weak soils.

•  The depth o f the peak Rayleigh distribution (ct ), for weak 
soils, can be taken as 0.75B, where B is the lesser compac
tor contact dimension. [<r=l .OB for DC]

•  The Raleigh distribution fixes the depth o f influence at 
3.5<t , which fortuitously corresponds to calculated and 
measured values o f soil improvement in unsaturated condi
tions [2.625B].

•  Stronger soils may exhibit larger surface permanent volu
metric strains. The shape o f the Rayleigh distribution can be 
modified in a suitable manner in a spreadsheet to take this 
into account for stronger soils. The surface strains can be 
taken to be between 1.0 and 1.2 times the peak o f the Ray
leigh distribution, and a linear variation constructed to meet 
the Rayleigh distribution at z=ct/2 as done in Figure 9.

•  The volumetric strain influence distribution is then normal
ized (in a spreadsheet)

•  The profile is divided into a minimum o f 10 layers
•  The vertical settlement o f each layer is obtained: 

AH=f(z).smax
•  The vertical strain at the depth in question is given by 

e= AH /H, where H=layer thickness
•  The permanent volumetric strain is given by eV0i=s.(l-2v'), 

where v -0 .1  to 0.15 at the end o f compaction
•  The change in volume is then calculated from 

AV=V0evoi= V0 .(1 -2v*).e = (l+ e0).(l-2v').e. [where e0=initial 
void ratio]

•  The new  density is given by Gs/(V0-AV), where Gs is the 
relative density o f  the soil~2650kg/m3. From the density the 
void ratio reduction is calculated.

•  The process is repeated for the various values o f settlement 
from which the 3D surface o f the model can be plotted 
(Figure 9) i f  required

W hen applying the model to dynamic compaction, a value o f 0.3 
should provisionally be used for the operative Poisson’s ratio. A 
higher value can be used for clays (0.4) and very moist materials, 
and a lower value (0.25) if  a close grid spacing is used. A  value 
o f about 0.15 appears applicable to vibratory compaction.

4 MODEL VERIFICATION

M odel verification was undertaken on twelve impact compaction 
profiles sampled at 6 different sites. Sand replacement densities 
or block sampling was used to determine the void ratios before 
and after compaction in  most cases.

The method can be used to draw contours o f expected void ratio 
reduction based on different settlements input values, as shown 
in Figure 11. Barrett and W rench (1984) noted that between 
87mm and 340mm o f settlement had been recorded at the site.

The model shows the variation in  expected void ratio based 
on these values bounds the measured data, and to achieve the 
void ratios measured at 50 passes, about 240mm o f settlement is 
required.

As the patterns o f improvement noted by Lukas in Figure 2 
were apparent in much o f the literature, the model was applied to 
a site where significant testing was done to determine the opti
mum moisture content for dynamic compaction. Both void ratios 
and settlements were measured amongst other parameters 
(Rollins te al, 1998).

Back-analysis showed that the operative Poisson’s ratio at the 
end o f compaction was much larger than that found for impact 
compaction, with a value o f 0.3 being typical. The larger grid 
spacing used during dynamic compaction could explain this 
phenomenon: Complete surface coverage results in compaction 
approaching a one dimensional condition towards the end o f the 
process, whereas in  dynamic compaction large lateral strains oc-
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Void ratio reduction 

0.00 0.20 0.40 0.60

Void ratio reduction 

0.0 0.2 0.4 0.6 0.8

♦  Measured [N=20]

■  Measured [N=50]

-X- N=20 [87mm 
settlement] 

-e-N = 5 0  [112mm 

settlement]
[340mm settlement]

Figure 11: Contours o f  predicted improvement (data after Barrett & 

Wrench, 1984)

Figure 10: Model verification in a fine sandy material - 0.552m  settle

ment (test data: Kriel, 1991)

cur virtually to the end o f the process. This may be an indication 
that it is more efficient to have a closer grid spacing to reduce 
inefficiencies due to lateral straining. The operative Poisson’s 
ratio therefore appears to be a function o f the blow spacing se
lected. More work is warranted in confirming this observation. 
From Figure 12, it can be seen that in unsaturated conditions the 
model is promising. It must be noted however, that the above is 
back-calculated and is thus not a true prediction. I f  sufficient 
data is back-analysed, however, and more understanding gained 
regarding the effect and value of the operative Poisson’s ratio, 
good correlation appears likely. The value o f the operative Pois
son’s ratio found in the back-analysis o f the four other DC pro
files given in the paper varied from 0.25 to 0.4, but was typically 
0.3.

Void ratio  reduction 

0.0 0.1 0.2 0.3 0.4 0.5

Figure 12: Application o f  model to  dynamic compaction (DC) (data after 

Rollins e ta l, 1998)

Higher values were found at higher moisture contents, which 
concurs with the theory, where a value o f 0.5 is used in saturated 
conditions. Again, more work is required to confirm these obser
vations. However, the trends observed appears to be well 
founded.

The value o f the operative Poisson’s ratio may also vary during 
the compaction process as discussed below.

5 APPLICATION TO CONVENTIONAL COMPACTION

As the use o f settlement in estimating the improvement in the 
ground using the proposed model appears to give good results 
for both impact and dynamic compaction, the model was also 
applied to conventional compaction at a site where surface set
tlement and density was measured simultaneously. I f  no lateral 
strain allowance was made the density and void ratios back- 
calculated from settlement did not correlate, with over- 
estimation occurring. However, when lateral strains were taken 
into account using an operative Poisson’s ratio as proposed, a

Number o f passes

Figure 13: Back-calculated value o f  operative Poisson’s ratio during vi

bratory compaction trial.
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Figure 14: Comparison o f  densities measured and back-calculated from 

surface settlement (data after Forssblad, 1980)

good correlation is achieved. More interesting was the variation 
o f the operative Poisson’s ratio back-calculated during the com
paction process, as shown in Figure 13. The value varied from 
0.35 at the start o f compaction to 0.15 at the end o f compaction. 
From this, it appears that strain hardening is occurring during the 
compaction process.
The back-calculated densities using the model, assuming a uni
form volumetric strain distribution throughout the compacted 
layer is given in Figure 14.
The above back-calculation confirms that density is proportional 
to surface settlement, i f  lateral strains are taken into account. The 
principle appears to apply to all types o f compaction.

6 CONCLUSIONS

A simplified volumetric strain influence ground improvement 
prediction model has been presented. Back-calculation o f densi
ties from field trails undertaken with impact compactors has 
shown that the method gives good estimates o f the reduction in 
the void ratio throughout the soil profile. The method appears to 
be applicable to dynamic compaction, and even vibratory com
paction, i f  surface settlements are monitored and lateral strains 
accounted for.

Further work is required to better understand the effect o f dy
namics on the volumetric strain profile and the energy require
ments, as well as a more detailed understanding o f  the effect o f 
lateral strains. The effect o f material strength parameters has also 
been shown to be important. The presence o f  the water table 
m ust still be investigated. The model presented is shown to be 
workable in it’s current form.

Empirical energy versus settlement relationships can be ob
tained for various materials once a database has been estab
lished.

7 REFERENCES

Africon, 1998. Report on the Landpac trials at Kriel to access the 
effectiveness o f  impact compaction and to establish appropriate 
means o f  integrity testing. Report 50444AE/G1/98. Africon 
Engineering International.

Barrett, A.J. & Wrench, B.P. 1984. Impact compaction trials on 
collapsing aeolean sand. Proceedings È k Regional CSMFE, Harare, 
pl77-181.

Berry, A.D., van Wijk, I. & Strydom, G.H. 1998. Impact compaction as 
an effective means o f  subgrade improvement and the establishmait 
o f  appropriate methods o f  integrity testing. Proceedings: Annual 
Transport Conference, CSIR, Pretoria.

Berry, A.D. 1999. Progress report on the development o f  a prediction 
model for impact compaction. Confidential report IREP 028, 
Landpac, Nigel, South Africa.

Berry, A.D. 2001. Development o f  a volumetric strain influence ground 
improvemoit prediction model with special reference to impact 
compaction. M asters Project Report (Unpublished), University o f  
Pretoria, South Africa.

Forssbladt, L. 1980. Compaction meter on vibrating rollers for 
unproved compaction control. Intl. Conference on Compaction, 
LCPC, Paris, p 541-546.

Kriel, 1991. Impact compaction trials at Thulelethle Township, Kriel. 
Testing by Schwartz, Tromp & Associates, U npublished report , 
Landpac, Nigel, South Africa.

Lo, K. W., Ooi, P.L., & Lee, S., 1990. Unified approach to ground 
improvement by dynamic compaction. J. o f  Geotechnical Engnr, 
ASCE, Vol 116, No 3, p514-527.

Lukas, R.G., 1986. Dynamic compaction for highway construction. 
FWHA report N o RD-86/133, WadiingionDC.

Menard, L. & Broise, Y. 1975. Theoretical and practical aspects o f  
dynamic consolidation, Geotechnique, Vol 25, N o 1, pp3-18.

Oshima, A & Takada, N. 1997. Relationship between compacted area 
and ram momentum. Proceedings 7-/* ICSMFE, Hamburg Vol 3, 
p l641-p l644.

Paige-Green, P. 1998. The use o f  impact compaction in ground 
improvemoit Report CR-97/098  prepared for Landpac, CSIR, 
Pretoia.

Poran, C.J. Hey, K.S. & Rodriguez, J.A. 1992. A new technique for 
quality control fo dynamic compaction. Grouting/Soil Improvem ent 
a nd  Geosynthetics, Vol 2, pp 915 - 926.

Poran, C.J &  Rodriguez J.A. 1992. Design o f  dynamic compaction. In 
proceedings o f  the 45th Canadian Geotechnical Conference on 
Inovation Conservation and Rehabilitation, pp796-802, Vol 1/29. 
Toronto, Ont. Canadian Geotechnical Journal.

Rollins, K.M., Jorgensai, S.J., & Ross, T.E. 1998. Optimum moisture 
content for dynamic compaction o f  collapsable soils. J. o f  
Geotechnical Engrg., ASCE, Vol 124, No 8, p699-708.

Schmertmann, J.H, Hartman, J.P. & Brown, P.R. 1978. Improved strain 
influoice factors, ASCE, GT8, Vol 104, p i 131-1135.

1714


