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ABSTRACT: Modulus, not density, is the parameter critical to current pavement design. However Quality Control (QC) assessment 
of earthworks for natural ground and pavement materials, remains dominated by the 1930s Proctor laboratory density compaction 
model coupled with the California Bearing Ratio (CBR) test. Industry’s familiarity and comfort with such testing regimes now 
constrain current construction earthwork practices and equipment. The CBR has been also altered from its original ‘strength index’ 
and is now correlated to the resilient modulus utilized for mechanistic pavement design. A set of trial embankments on the largest 
earthworks project in Queensland were used to examine deep lift compaction for various materials. The results of these trials and the 
applicability of the various testing instruments as QA tools to supersede the traditional density measurements are presented. Insights 
using dynamic movement monitoring for each pass of different vibrating rollers show the incremental gain at each pass. Increased 
passes above an optimal may decrease density and modulus. Density is shown to be not always directly related to modulus or shear 
strength. Yet because of its historical familiarity, the density operating characteristic QC curve was used to establish the modulus QC. 

RÉSUMÉ : Le Module du sol, et non la densité , est le paramètre critique pour la conception actuelle de structure de chaussée. 
Cependant, les études de contrôles de qualité pour les travaux de terrassements de matériaux naturels et matériaux de chaussée restent 
dominées par le modèle de densité de compactage "Proctor laboratory" des années trente combiné avec le test de portance "California 
bearing ratio" (CBR). Ces méthodes familières dans l'industrie imposent cependant des contraintes sur les méthodes et équipements 
actuels de terrassement.  Le "CBR" a également été modifié par rapport à "l'indice de force" d'origine et est maintenant en corrélation 
avec le module réversible des sols utilisé pour la conception des travaux de chaussée mechanisé. Un ensemble de talus de remblais, 
faisant partie du plus grand projet de terrassement du Queensland, a été utilisé pour examiner le compactage a couche multiple de divers 
matériaux. Les résultats de cette étude et la pertinence des divers instruments de mesures sont présentés comme outil de contrôle de 
qualité afin de remplacer les instruments de mesures de densité actuels. Le suivi dynamique de compacteurs vibrants montre les gains 
progressifs à chaque passage. Des passages additionnels au dessus d'un seuil optimum pourraient cependant diminuer la densité et le 
module. Ceci démontre que la densité n'est pas toujours en corrélation avec le module des sols ou la résistance au cisaillement. Et 
pourtant, dû à la familiarité historique du contrôle de qualité par courbe caractéristique de densité, celle ci même a été utilisé pour établir 
le contrôle de qualité par module des sols.  
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1  INTRODUCTION 

Modulus, not density, is the parameter critical to current 
pavement design. However Quality Control (QC) assessment of 
earthworks for natural ground and pavement materials, remains 
dominated by the 1930s Proctor laboratory density compaction 
model coupled with the California Bearing Ratio (CBR) test. 
Although having historically served the industry well, both are 
indices and are outdated compared to current technological 
capabilities. Industry’s familiarity and comfort with such testing 
regimes now constrains current construction earthwork 
practices and equipment. Scott and Jaksa (2015) show that 
rolling dynamic compaction can produce suitable compaction to 
significant depths, but noted there are challenges associated 
with suitable onsite verification. Thus modern compaction 
equipment has moved ahead of commonly employed QC 
techniques that still form the basis of earthworks specifications. 

Modulus-based, QC procedures were developed using full-
scale embankments completed for the Toowoomba Second 
Range Crossing project in Queensland, Australia. This is the 
largest earthworks project ever built in the state, and requires 
almost 10 million m3 of embankment fill. Using conventional 
300mm loose lift thickness for embankment construction could 
prevent project delivery within the specified timeframe. 
Changing the loose layer thickness requires three (3) parts of a 
project-specific specification, namely:  
i. Material representative specification – Characterization of 

fill used for trial embankment so general fill materials can 
be demonstrated to be similar to that used in trials.     

ii. Compaction methodology specification – Proof of suitable 
lift thickness and adequate compaction methodology, in 
terms of equipment type / weight, number of passes of 

equipment and moisture controls. 
iii. End Product (testing) specification – Methods of testing 

the deeper lifts – current density testing are surface based 
and limited to 300mm depth. Suitable test methods should 
not increase QA cost or require subsequent repair of fill. 
Characteristic values demonstrating the equivalency of 
proposed test methods to current (density based) 
specifications were required. 

The trial embankments were instrumented and built using 
materials representative of those present across the project site 
and the equipment proposed for the works; including both 
vibratory padfoot and smooth drum rollers. Equipment that 
directly measured insitu modulus evaluated by this trial 
included deflectometers and Clegg impact hammers. Other 
comparative testing incorporated into the trial embankment test 
regime to evaluate the depth of compaction achieved included 
Dynamic Cone Penetrometers (DCP), PANDA probes and 
Earth Pressure Cells (EPCs). Pile Driving Monitor (PDM) 
equipment was also utilised to measure roller energy and 
dynamic movements with each pass of the roller. The results of 
this trial and the applicability of the various direct ‘modulus’ 
testing instruments as QA tools to supersede the traditional 
density measurements are presented. The density operating 
characteristic QC curve had to be modified to utilize modulus 
parameters for QC assessments. 

1.1  Trial embankments and Testing 

Three trial embankments (T1 to T3) were constructed with 
source materials of extremely to slightly weathered rocks 
extracted from onsite cuttings. Sandstone (T1), basalt (T2) and 
an interbedded Siltstone / Sandstone (T3) material were each 
used as the fill compacted within an individual embankment. 
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 All “rock” materials were observed to breakdown and conform 
to “soil” specifications during material placement and 
compaction. An 18.7 T vibrating padfoot and 17.2 T smooth 
drum roller were used for compaction at both a field and 
targeted moisture content. Lift thicknesses of 300, 600, 800 and 
1,000 mm were compacted with 4, 6 and 8 passes of each roller 
type. Testing consisted of: 
 Material Classification and Strength Testing – Material 

grading and classification test results (pre- and post-
compaction), as well as rock strength testing (including 
Point Load Index (PLI) and Schmidt Hammer) and insitu 
strength measurement of compacted embankment via 
Borehole Shear Testing (BHST); 

 Dynamic Monitoring – Physical surveys of embankment 
surface prior and post compaction, EPCs installed below 
the trial embankments and compaction monitoring via use 
of Pile Driving Monitor (PDM) equipment; 

 Density Testing – Both Sand Replacement and Nuclear 
Gauge density testing of compacted surface and repeated 
at regular vertical depths. A limited number of full depth 
Water Replacement Tests was also undertaken; 

 Penetration Testing– Full depth (rod penetration) testing of 
embankment materials via used of Dynamic Cone 
Penetrometer (DCP) and PANDA Probe testing; and 

 Modulus Testing – Both static and dynamic plate load 
testing techniques that directly measure insitu modulus 
parameters. Clegg Hammer testing was also completed. 

The depth of effective compaction achieved was found to 
vary between the three (3) material types evaluated, and even 
between the vibratory rollers types (of similar static weight) 
used in these trials. For brevity, only a few aspects of testing the 
trial embankments are presented and discussed in this paper. 

1.2  Modulus Testing 

Modulus (E) is typically derived from CBR test results. For 
example E = 10 x CBR is commonly used – but this multiple 
can vary from 5 to 20 (Heukelom and Klomp, 1962). However, 
an insitu measured modulus parameter would be preferred in 
order to remove the inherent conversion error associated with 
the generic nature of such a correlation. For a specific material, 
an insitu determined modulus would usually produce a higher 
parameter than that determined from laboratory CBR tests – as 
illustrated in Figure 1 - due to the material soaking and / or the 
removal of oversize materials required in laboratory testing 
prior to loading. 

Figure 1. Comparison of insitu Modulus vs Lab based CBRs on 
residuals soils. 

Field modulus tests monitor the surface deformation under a 
rigid plate due to a known load. A load-settlement curve is 
produced via analysis of the deformation magnitudes that result 
from the load magnitude variation. Static Plate Load Tests 
(PLTs) provide the reference modulus, but are not frequently 
utilized for QA of earthworks, due to the time taken to complete 

the test and the requirement for a heavy reaction force to be 
provided. Dynamic modulus tests provide simple, portable and 
low cost tools that, if correctly calibrated, can be used as an 
indicator of insitu stiffness and variation within a sub-surface 
profile. However, results are known to vary with different types 
of LFWD equipment due to variances in transducers used (refer 
Lacey et al., 2016).  

For the trial embankments, dynamic modulus parameters 
were measured via use of a PRIMA Light Falling Weight 
Deflectometer (LFWD). Insitu measured dynamic moduli 
parameters were correlated with the results of static PLTs to 
account for variation associated with the difference in test strain 
levels and the ‘static’ or ‘dynamic’ nature of the two (2) plate 
tests completed. As moduli parameters are stress dependent – 
whereby the resultant modulus parameter (E) magnitude varies 
depending on the test stress applied – both the results of the 
reloading cycle of the PLT and LFWD tests were normalized to 
produce the modulus parameter at 100kPa test stress value 
(E100kPa) to produce a directly comparable parameter. Both the 
PLT and LFWD were completed using a 300mm diameter plate.  

1.3  Dynamic Movement Testing 

In order to evaluate the compaction induced with each pass, a 
number of Pile Driving Monitoring (PDM) units were used 
onsite during the period of embankment compaction (rolling). 
Such test equipment is traditionally used to assess dynamic 
movements (set and temporary compression) during pile driving, 
and also monitors the energy induced with each hammer strike 
upon the pile. In the application of the PDM equipment to the 
trial embankment, the “set” and energy applied by each roller 
pass during compaction was measured.  

The PDM – shown in Figure 2 – emits a broad and very 
uniform field of infrared LED light towards the object to be 
monitored, and in particular to a reflector within the illuminated 
field. For earthworks monitoring, the object to be monitored is 
the roller itself. To enable this monitoring, a series of reflectors 
were attached to each side of the two (2) roller types used. The 
known vertical separation was used to allow automatic 
calibration of the received signals, regardless of variations 
present within the specific tracking path of the roller. 

Figure 2. PDM monitoring (4 No) of dynamic roller movements  

In addition, and as a by-product of establishing the roller 
position at each pass via use of the PDM, the following 
additional QA information was derived: 
 Roller vibration frequency – allowing comparison with 

manufacturer’s specification (generally a small range); 
 Roller vibration amplitude – known to be affected by both 

the roller power setting and the degree of compaction, but 
rarely measured in the field during compaction of 
materials. Peak roller velocity and acceleration parameters 
are determined – parameters that are functions of both 
roller frequency and roller amplitude; and 

 Peak compaction force – a function of roller acceleration 
and mass. This is different from the roller’s static weight. 
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  1.4  Borehole Shear Testing 

There are two (2) approaches to measuring soil shear strength 
present within an earthworks embankment: 
 Bore a hole, sample the soil, and take samples to a 

laboratory for testing; or 
 Bore a hole and test the materials present at sides of the 

excavated hole in the insitu, compacted condition. 
Use of laboratory testing is the traditional approach, but it is 

both time consuming and expensive to measure strength 
parameters with laboratory shear tests. The Borehole Shear 
Tester (BHST) developed by Professor Handy at Iowa State 
University, provides an alternative and convenient method to 
accurately measure the drained shear strength of soils insitu 
(Figure 3). It is similar to a laboratory direct shear test with the 
sides of the borehole being sheared. To perform the BHST, the 
operator inserts the shear head into a 75mm diameter borehole 
to the chosen test depth.   

Figure 3. Borehole Shear Test 

2  TEST RESULTS 

Key results relating to the insitu modulus, BHST and PDM 
testing of the trial embankments are described herein. Results 
vary between roller type, materials and placement moisture 
condition. Although the latter is not presented herein, in general 
materials compacted at field moisture content (FMC) produced 
comparable or higher density, strength and modulus properties 
as compared to those compacted at a targeted moisture content 
(TMC), which was a condition closer to the standard OMC. 
However less variability of results occurred within materials 
compacted in the TMC condition.    

2.1  Modulus Testing 

Once the trial embankment thickness was sufficient that the 
rock mass underlying the trial embankment did not intersect the 
modulus tests’ zone of influence (i.e. embankment thickness > 
1.5D or 450mm), the insitu moduli parameters measured by 
both the dynamic (LFWD) and static (PLT) test – all 
standardized to 100kPa – were shown to be highly correlated. 
Figure 4 presents - for T2 XW – MW Basalt materials – the 
high strength (R2 = 0.8) relationship between LFWD and the 
corresponding PLT results for both the initial and reloading 
PLT cycles (Ev1 and Ev2 respectively).  

For the LFWD model used upon the T2 embankment (Prima 
100) and the 300mm diameter PLT, typical multipliers of 0.30 
to 0.34ELFWD and 0.6 to 1.8ELFWD were identified to exist for 
the range of Ev1 and Ev2 derived modulus parameters 

respectively. 
Figure 4. Relationship between PLT (Ev1 and Ev2) and LFWD (ELFWD) 
modulus testing of compacted trial embankment (T2) (for deep lift 
compaction thicknesses ≥ 600mm) 

The modulus magnitudes observed (Ev2 > 30 MPa) and the 
high strength of the demonstrated PLT:LFWD relationships (R2 
= 0.8) indicates that adequate general fill compaction had been 
achieved, as per existing earthworks standards that incorporate 
direct modulus measurements as QA tests (e.g. German, and 
Finnish earthworks standards, refer Mooney et. al., 2010). Such 
PLT:LFWD relationships demonstrate the suitability for the use 
of the LFWD, and thus the direct measured of insitu modulus, 
as a QA test method for earthworks compaction. 

However, although the test results of the static and dynamic 
modulus tests are highly correlated, a similar high strength 
relationship could not be established between either modulus 
test method and density test results (sand replacement or 
nuclear density gauge testing). This is interpreted to be due to 
the limited (< 300mm) zones of influence associated with the 
density test techniques. The low correlated nature between 
traditional density and the considered modulus tests should not 
preclude the use of the LFWD as a QA tool.  

2.2  Borehole Shear Testing (BHST) 

For the XW – SW Interbedded Siltstone / Sandstone fill 
material (T3), 36 no. BHSTs were completed at various depths 
within the compacted embankment. Although similar average 
insitu friction angle results were observed within all compacted 
materials, a larger variation was observed within the results 
associated with 4 roller passes. The variation continuously 
reduced after 6 and 8 roller passes were applied (refer box and 

whisker values shown Figure 5 for T3 – interbedded material). 
Figure 5. Comparison of Friction angle with number of passes (T3). 

After 6 and 8 roller passes were applied, the characteristic 
insitu friction angle plateaued at an average of ~40 and was 
independent of the placement moisture condition. This has been 
interpreted that the optimal number of roller passes with respect 
to the insitu friction angle parameter is likely to be 5 – 6 roller 
passes. Beyond this, limited improvement to insitu strength 
parameters were observed. For other materials (T1 – sandstone), 
a subsequent material breakdown, with an associated decrease 
of the insitu friction angle, occurs after additional (> 6) roller 
passes are applied (refer Figure 6). This behavior was also  
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Figure 6. Comparison of insitu measured friction angle with number of 
roller passes applied (T1 data shown). 

observed at the location of “thin” (300mm) loose layer 
thicknesses – the traditional lift thickness currently used – and 
demonstrates that simply increasing the applied roller 
compactive effort does not directly result in associated 
increases in material strength parameters. 

The characteristic insitu friction angle determined by the 
BHST program was observed to vary with type of material used 
as fill (38 – 40). For all trials, the design friction angle of 35˚ 
was consistently exceeded within the compacted materials. 

2.3  Dynamic Monitoring Testing 

Peak compaction force was observed to be non-constant during 
the application of the rolling force; low at the commencement 
of compaction when the energy is substantially absorbed by the 
significant material compaction. Briaud and Saez (2012) show a 
reduced depth of influence with increased stiffness of soils 
during compaction. As compaction proceeds, and the 
incremental thickness change reduces, the compaction force 
increases. The vibration amplitude was observed to increase 
with the number of roller passes up to 6 passes, but decreased 
thereafter. Thus the maximum compactive force was achieved 
with 6 roller passes. The smooth drum roller utilised provided 
approximately 1.8 times the compactive force of the padfoot 
roller of a similar static weight. 

Based on the PDM measurements recorded during the 
compaction of Trial Embankment 2 (Basalt) the 18.7 T (static 
weight) padfoot roller applied a centrifugal force of 29.2 T 
(median of recorded dataset) when the vibratory function was 
applied. For Trial Embankment 3 (Interbedded Sandstone / 
Siltstone) the monitoring of the same roller reported a higher 
centrifugal force – with 31.8 T (lower quartile) to 36.7T 
(median) being recorded. 

At 5 to 6 roller passes some compaction reversal (surface 
rebound) were observed to occur, as demonstrated by positive 
compaction values (> 0mm) as presented in Figure 7 for T3 
(interbedded) materials. Although compaction does occur again 
once additional roller passes are applied, the magnitudes are 
very limited and it is questionable if any gains in material 
performance are achieved beyond the application of 6 roller 
passes. Although this behavior is consistent with the results of 
the strength parameters determined via BHST, they may be 
specific to the high amplitude vibratory roller utilized (i.e. not 
necessarily reflected if non-vibratory rollers were employed). 

3  CONCLUSION 

An earthworks project that involved large volumes of 
embankment fill required 3 test embankments to be built of 
representative materials for demonstration of the suitability to 

Figure 7. Comparison of induced compaction magnitude (mm) due to 
each pass of roller (T3 data shown). 
 
 apply deep lift compaction construction methods. Current 
heavy vibratory equipment can compact to greater depths than 
when “standard” lift thicknesses (300mm) and density quality 
controls were introduced. A methodology specification was 
developed and was also supported by end product specifications 
which involved LFWD modulus values and PANDA testing of 
the full deep lift. Such testing was required due to the depth 
limitations associated with traditional density testing. 

From compaction monitoring completed, the force induced 
by each roller pass was demonstrated not to be constant, but 
changed as the ground stiffness increased. The imparted force 
magnitude also varied with material type. The maximum force 
and optimal material strength / performance was observed to 
occur after 5 to 6 roller passes were applied, and cyclic changes 
resulted thereafter. Excessive compaction may result in material 
breakdown which causes some reversals in the peak compaction 
force applied by the roller. This was observed independently by 
dynamic monitoring during compaction and later within 
strength parameters derived from borehole shear tests. Dynamic 
monitoring show the vibratory rollers derive much of the 
applied centrifugal force from the amplitude of vibration and 
this force is significantly above the roller’s static weight. 
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