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1 Introduction 
Cone penetration testing (CPT) is the de facto international standard in the quality 
control of compacted hydraulic fills. However this method of testing comes with 
some inherent difficulties. In calcareous sand, because of the high soil stresses that 
are created during CPT penetration, the sand particles tend to crush, yielding an 
underestimation of its degree of compaction. Moreover quality control (QC) by 
CPT is usually done by adherence to relative density criteria, as defined by the 
designer. These relative density relations are not reflecting the functional 
performance criteria that the compacted soil should exhibit, such as bearing 
capacity and deformation criteria. 

Furthermore the relative density correlations such as Baldi et al. (1986) and 
Jamiolkowski et al. (2001) are defined for a particular sand type during calibration 
chamber tests. Negligent extrapolation to in situ encountered sands on the work 
site can yield uncertain and irrelevant compaction criteria. Hamidi et al. (2011) 
provide a general overview of the drawbacks of utilising relative densities in 
quality control. 

When CPT testing is applied in calcareous sands, typically so-called shell 
correction factors (SCF) are adopted to quantify the crushing bias of CPTs. (Al-
Homoud & Wehr 2006, Jamiolkowski & Pasqualini 1992) 

On the other hand Flat Plate Dilatometer Testing (DMT) does not induce 
significant stress increases during shearing by membrane inflation. This may lead 
to a reduction of the crushing bias and hence a greater versatility. 

During the reclamation and compaction works at the extension of Calais harbour, 
France, 65 ha of new land have been created, from which 44 have been won from 
sea. The created land was subsequently compacted and as such a substantial 
amount of CPT and DMT tests have been conducted to serve the quality control. 
Although the encountered sand is mainly siliceous in nature, the effect of the 
testing procedure and compaction method can be assessed. 
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1.1 Compaction Works and Quality Control  

In order to comply with the relative density criterion of 60%, which has been 
translated by the designer from settlement and liquefaction criteria, a variety of 
compaction techniques has been used. Both Dynamic Compaction (DC) and 
Vibroflotation (VF) were applied as deep compaction technique, whilst 
complemented with roller surface compaction. 

1.1.1 Vibroflotation and Dynamic Compaction 

 

Figure 1-1: Vibroflotation operations by means of tandem rig 

A total of 17,000 VF treatment points were executed at a 4.4 m triangular grid 
using of tandem vibroflotation operations (see Figure 1-1). On average 12 m of 
reclaimed siliceous sand fill was compacted.  

Alternatively, DC was adopted. Using this technique a total of 16,000 DC 
treatment points were compacted at a 5.0 m rectangular grid by dropping a heavy 
steel hammer from 25 m height. This method was used mostly for the scope 
exhibiting smaller reclamation thicknesses up to 7.0 m. However, DC has also 
been applied as a remedial compaction technique in case vibroflotation marginally 
failed to reach the target CPT curve. 

1.1.2 Quality Control (QC) 

In general, QC consisted of 1 CPT performed per 200 m². This led to a grand total 
of more than 7,500 CPTs. It is generally believed that VF - and to a lesser extent 
DC - results in heterogeneous states of compaction. The compaction attenuates 
with increasing distance from the point of treatment. Therefore the grid centroid 
exposes the weakest point. Furthermore, specifically for VF, the probe creates a 
local cavity that exhibit a low degree of compaction.  



van Tongeren, van Impe 299 

 

Figure 1-2: Position of in situ testing with respect to the compaction points  

To capture these heterogeneous effects, QC was conducted by means of CPT 
triplets per 600 m² with each CPT exposing a variable distance to the compaction 
points (see Figure 1-2). This yields a more representative definition of the degree 
of compaction. The aforementioned method stems from van ‘t Hoff et van der 
Kolff (2012).  

1.1.3 Trial fields and DMT program 

Typically, the operational parameters for compaction techniques are defined in a 
semi-empirical manner by performing field trials. During the field trials an 
extended QC program was set up. During the VF trial field, additional CPT tests 
were performed at 7, 14 and 28 days to study ageing effects and furthermore 33 
DMT tests have been conducted to correlate with CPT results. 

During the compaction production, 26 additional DMTs were performed to assess 
the effect of the compaction technique. As such DMT results are available to study 
both DC and VF. 

2 Constrained modulus 
Primarily, densification by compaction was applied to attenuate settlements during 
the design life of the reclamation. To evaluate settlements based on in-situ testing, 
correlations between cone resistance  and constrained modulus  are defined. 
Generally the constrained modulus ratio  can be adopted as: 

M α ∙ q σ 	 

In Mayne (2007) it is defined that for a wide range of normally consolidated soils 
that 5. Robertson (2009) suggested a similar approach however accounting 
for the soil behaviour type index . In case of sand ( 2.2  following relation 
is found: 
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α 0.03 ∙ 10 . ∙ .  

After compaction, it can be argued whether a state of overconsolidation is reached 
by so-called compaction effects. Correlation between DMT and CPT results is 
investigated via an evaluation of the  ratio for compacted, non-cohesive soils. 
The constrained modulus ratio derived from DMT results - that reflect the 
constrained modulus in a more direct way - is denoted as , . 

2.1 Compaction effects on constrained modulus 

Both CPTs and DMTs have been conducted before and after compaction took 
place. This allows quantification of the influence of compaction effects for the 
various techniques. 

2.1.1 Situation before compaction 

During reclamation, mainly a “pumping ashore” technique was applied. To 
evacuate excessive water, abundant passages with bulldozers were executed on the 
freshly reclaimed land. After reclamation, the water above the phreatic level starts 
to drain. The combined effect of the auto-drainage, the tidal variations and the 
bulldozer actions leads to a substantial compaction of the sand above the falling 
phreatic level. However below the phreatic level, no drainage occurs and the 
obtained density after compaction is relatively low, yielding the need for deep 
compaction. These density differences are elaborated in Lee (2001) and van ‘t Hoff 
& van der Kolff (2012).  

These differences are easily discernible in both CPT and DMT test results, see 
Figure 2-1. A significant tidal range is governing at the test site, but on average the 
phreatic level is situated 3.00 m below the surface level (see Figure 2-1). Here it 
can be seen that both constrained modulus  and horizontal stress index  are 
rapidly decreasing below the phreatic level. The DMT material indices  indicate 
the presence of relatively clean sand. 
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Figure 2-1: DMT results before compaction 

2.1.2 Situation after compaction 

After treatment by any of the aforementioned compaction techniques, it can be 
seen that at depth the constrained moduli are substantially increased, both for CPT 
and DMT tests (see Figure 2-2). This effect is also visible in the horizontal stress 
index . The unsaturated layer is not considerably influenced by the compaction 
technique and maintains parameter levels similar to those before compaction. 

 

Figure 2-2: DMT results after compaction 
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2.1.3 ,  comparison 

The compaction effects on the constrained modulus ratio ,  were also studied. 
The results of this analysis are depicted in Figure 2-3. In this figure, the presence 
of the phreatic level is again clearly perceptible in the data points representing the 
situation prior to compaction.  

Below the phreatic level, these values range around 4-5 prior to compaction. This 
corresponds fairly well with the correlation of Mayne (2007). On the contrary, in 
the unsaturated layer on top, the ratio is significantly larger, expressing a degree 
of overconsolidation by drainage and bulldozer compaction. This is in line with 
the found increased horizontal stress indices  for the DMT tests. 

It can be seen that because of compaction, ,  is increased below the phreatic 
level and in the capillary zone. The latter implies that sufficient water is injected 
during the course of vibroflotation to liquefy the unsaturated layers above the water 
level. The ,  values are considerably larger than in the uncompacted case and 
range around 8-10 and higher. At a depth of 12.00 m the compaction effects seem 
to attenuate, this corresponds to the termination depth of the vibroflots. It can also 
be argued that as a result of the compaction, , -values are decreased in the 
unsaturated layer. It seems as though part of the soil structure has been disrupted. 

 

Figure 2-3: Comparison before and after compaction 

The investigated ,  -values are superior to those anticipated by standard CPT 
correlations. These results are consistent with the findings by Van Impe et al. 
(2015). In the latter case, calcareous sand was tested, that could exhibit a crushing 
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bias. In this research on the other hand, siliceous sand – assumed uncrushable by 
compaction - was tested, hence it can be concluded that the bias, resulting in a 
stiffness underestimation, is due to an overconsolidation effect. Such compaction 
effect, introduced by vibroflotation, is not correctly captured by standard CPT 
correlations. 

The difference in results between both testing techniques can be explained by the 
fact that during CPT penetration, the mean effective stress is governing the 
resistance and hence the evaluated stiffness. During DMT inflation on the other 
hand, the horizontal stress level is prevailingly governing. This leads to a more 
isolated influence of horizontal stress ratio and degree of overconsolidation. 
Finally a more accurate measurement of the constrained modulus is obtained. 

It can be concluded that by application of standard CPT correlations, the 
magnitude of anticipated settlements can be significantly overestimated without 
considering the compaction effects. During the course of compaction trials fields, 
DMT measurements can aid in developing site-specific and technique-specific 
correlations that can be adopted in quality control programs for reclamation areas. 
Moreover, by appreciation of the compaction effects in the reclamation design, 
cost reduction and planning optimisations can be made. 

2.2 Influence of applied compaction technique 

By evaluation of the constrained modulus and the constrained modulus ratio 
, , various compaction techniques and operational parameters can be 

evaluated. 

2.2.1 DC vs. VF 

Mainly the two adopted deep compaction techniques, VF and DC are considered 
and there effects are compared. 

From Figure 2-4, it can be seen that both dynamic compaction and vibroflotation 
lead to increased constrained moduli ratios. The ,  after compaction amply 
exceeds the expected value derived from Mayne (2007). Furthermore it can be seen 
that DC yields substantially larger , -values with respect to VF. This can be 
ascribed to the fact that during DC a higher external energy is exerted on the soil 
by impact loading. The material is hence more plastically deformed and 
compacted, yielding a significant increase in horizontal stress.  
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Figure 2-4: Comparison of VF and DC in terms of ,  

It becomes evident that the effectiveness of DC seems to attenuate with depth. This 
is because, opposed to VF, all impact energy is applied at the surface level and 
stress distribution and intrinsic damping lead to a lower stress increase at depth, 
decreasing the likelihood of liquefaction and consequent compaction. It should 
however be noted that the zone of influence is not limited to 6.00 m as the graph 
might suggest. This is merely the interface between existing subsoil and the 
reclaimed –to be compacted– fill and the termination depth of the DMT tests. 

2.2.2 Influence of VF spacing 

An important operational parameter that is typically determined during field trials 
is the optimal grid size. This has an important influence on the production, 
planning and cost of the project. The largest grid spacing that still results in CPTs 
compliant to the requirement is usually adopted. 

As illustrated in Figure 2-5, effects of overconsolidation play a significant role in 
the anticipated settlement behaviour. In Figure 2-4, the constrained modulus ratio 

,  is depicted for two different grid sizes (4.7 m and 5.1 m respectively). It 
can be concluded that the smaller grid size yields higher values of , , 
indicating higher overconsolidation and resulting stiffness. This is a logical 
consequence of the fact that larger amounts of energy are invested per unit volume 
in case the grid is smaller (provided that other operational parameters remain 
unaltered). 
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Figure 2-5: Effect of VF grid size on ,  

Consequently it can be said that the finer the grid – and the stricter the compaction 
criteria –, the more important it is to appreciate the compaction effect in the 
evaluation of settlements.  

2.2.3 Influence of “ageing” 

Many authors such as Mitchell (1986) and Kirsch & Kirsch (2017) have identified 
an ageing phenomenon that occurs after vibroflotation is applied. The cause for 
this time-dependent increase in soil strength is uncertain, but may potentially be 
ascribed by a combination of excess porewater pressure dissipation and creeping.  

Both CPTs and DMTs have been conducted 7 and 14 days after the compaction by 
vibroflotation during the course of the trial field to assess this effect. Figure 2-6 
combines the results of  from DMT of two scenarios: 

 Scenario A: DMT after 7 days at grid size 4.4 m 
 Scenario B: DMT after 14 days at grid size 4.7 m  

Although Scenario B exhibits a coarser grid, the , - values are considerably 
larger with respect to Scenario A. This is counterintuitive bearing in mind the 
conclusions drawn from section 2.2.2. This might proof the existence of such 
ageing effect. Apparently the strength development over time outweighs the effect 
of the coarser grid. Unfortunately data for different time steps at the same grid size 
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are unavailable. Therefore it is advised to investigate the ageing effect by 
evaluation of both CPT and DMT readings over time at fixed locations. 

 

Figure 2-6: Ageing effect in VF by assessment of ,  

It is generally argued that ageing effects are less prevalent when compacting by 
DC because, as opposed to DC, no additional water is injected in the soil and as 
such the pore pressure dissipation is faster and consolidation effects are avoided. 
This is also implied by Bo & Choa (2004) 

3 Conclusion 
By combining the benefits of CPT and DMT testing, the quality control procedure 
for hydraulic fills with sands can be optimised. Standard CPT correlations fail to 
appreciate the compaction effect that creates a degree of overconsolidation in the 
compacted soil.  

This effect becomes more pronounced in case of grid refinement and the 
application of dynamic compaction. By developing site-specific and technique-
specific correlations for the constrained modulus coefficient ,  based on 
DMTs, compaction works can be rendered more cost-effective through smart 
quality control programs. 
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