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ABSTRACT: 

A new UK ‘performance based specification’ for road foundations potentially allows any material that is ‘fit for purpose’ and encourages the wider use of marginal and recycled/secondary materials. The specification provides guidance with respect to a target stiffness, density achieved and maximum allowable rutting depth under construction traffic (to avoid damage to the subgrade during construction). Full-scale field trial sections are currently used and proposed for large schemes to assure as the suitability of proposed foundation materials. However, it is prudent to develop a routine, economical and laboratory-scale means to assess the performance and suitability of the foundation materials before any full-scale trials are undertaken.

This paper presents the findings of recent research work at Loughborough University with regard to the development of a large-scale laboratory assessment test aimed specifically  for granular materials. A series of test results on four granular materials are presented in detail, with an emphasis on their stiffness behavior, with some field data for comparison and preliminary validation of the laboratory method. The effects of a soft and rigid base condition, and wetting and drying of the material is shown to have a significant effect on the measured values of both stiffness and strength for the samples tested. However, there appears a reasonable relationship between the laboratory results for the soft base condition and the field data. Several recommendations for further work are made and practical observations and comments for the construction and measurement of these materials on site within a performance specification framework.

INTRODUCTION

In the UK a performance based specification for road foundations is being developed (1). It requires the road foundation to achieve a series of target performance related parameters during construction. These include a target stiffness, (measured by a dynamic plate test) and a minimum density, with measurements made both on the formation layers and foundation surface. Additionally, a limit for permanent deformation is included, to limit the surface rutting caused by construction traffic, so as to protect the subgrade from possible damage during construction of the overlying layers. It is intended that by defining quantifiable and measurable design/material performance parameters, more flexibility in both choice of construction method and material is afforded to the constructor. However if a wider range of new or recycled materials are to be allowed, a constructor will need some assurance of likely material performance before construction. The use of performance related parameters for specifying the adequacy of the as built construction requires a good knowledge of these parameters with regard to expected material behavior and the influences on their measurement. 

This paper describes the development of a large-scale laboratory test at Loughborough University (funded by the UK Highways Agency) to assess coarse granular materials prior to their use on site to provide some assurance of their expected performance. Data from the field and laboratory are utilized to help develop and validate the laboratory methodology. The background and the need for such a laboratory test is discussed. The large-scale test and sample preparation and testing methodologies developed are then described. A recent programme of work assessing four materials, a recycled crushed concrete, a natural site-won mudstone, a site-won sandy gravel, and a quarried granodiorite aggregate has provided data that is presented and discussed. The outcome of the development of the laboratory test is discussed and compared to other similar tests, with its relative merits, limitations and recommendations for future work.
Background

Granular Material Behavior

Unbound granular materials show a relatively complex elastoplastic behavior when subjected to repeated cycles of loading such as generated by moving traffic (2). The effect of a single cycle of load is to cause both elastic and permanent strain. The magnitude of elastic strain depends upon the elastic stiffness and the amount of permanent strain depends on the proximity of the applied stress to the failure stress, and accumulates under repeated cycles. 

A material’s elastic stiffness determines its load spreading capability, which reduces the magnitude of surface applied stress that is transferred to the layers below. Several physical material properties that affect the resilient response of granular materials include; applied stress level, material type, particle size, grading, water content, surface characteristics (angularity and roughness) and the compacted density (3). A principal influencing factor is the stress level, the K-theta model appears widely accepted for analysis of nonlinearity of material elastic modulus, and is regarded as an adequate simplification for analytical design purposes (2). The extent to which the modulus varies with stress is determined by the coefficient k2 of the K-theta model (4) which states; 

Mr = k1 
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Where;-
Mr 

= Resilient Modulus (MPa)
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= bulk stress (MPa)

k1 and k2 
= material constants 

The parameters are usually derived from triaxial tests, however, Tong and Baus (5) found through sensitivity analysis that it was not reliable to backcalculate both k1 and k2 values simultaneously. Degree of saturation, compaction effort, and soil gradation had significant effect on k1 values whereas these factors had minor or no impact on k2 values. This non-linear stress-strain behavior has significant implications for assessment testing and for the selection of the appropriate value of elastic modulus for any design process. 

Permanent deformation in granular materials is caused by shear within the material itself, either due to insufficient inherent strength or due to a weak underlying layer. Factors affecting permanent deformation include the stress level, number of cycles, particle shape, grading, angularity and roughness, and the load (stress) history (6). The prediction of permanent deformation behavior is difficult for design, and in general measurements of strength have proven useful indicators of the propensity for rutting/permanent deformation in a material. 

Laboratory Assessment Techniques

A number of laboratory tests already exist that can be used to assess the performance properties of granular materials. These element tests include the Triaxial Test, the K Mould (7) and the recently developed Springbox (8). However, in these tests the maximum particle size of suitable samples is generally restricted to 20mm, (or in the case of the Springbox, 40mm) to limit the sample boundary effect. For larger particle sizes the test samples therefore need to be larger and tests become cumbersome and more difficult. In the UK capping materials have a particle size limit of 125mm, and a maximum allowable test particle size of 40mm potentially excludes 25% of the sample (by mass) of a Class 6F1 (Fine) capping and as much as 55% of a Class 6F2 (coarse) capping (9) (Figure 1).
In addition, the methodology of elastic modulus measurement in these smaller tests makes direct comparison of the results to field measurements (using the portable plate test devices) difficult due to compatibility of boundary and stress conditions. These element test methods are thus considered unsuitable to routinely assess the behavior of the very coarse granular (capping) materials.

To assess very coarse aggregates it is considered necessary to use large test moulds which can contain a representative material sample and reduce any boundary influences.  It has been suggested that a minimum ratio of sample to particle size of ten is appropriate (2). A very large rigid mould was used by Tingle and Jersey (10) to evaluate cyclic plate load testing of unbound aggregate roads. A 1.83m2 by 1.37m deep reinforced steel ‘containment vessel’ was used into which was a compacted 0.8m thick clay subgrade. A 0.36m thick crushed limestone base course sample was then compacted on top using a pneumatic compactor. Tong and Baus (5) performed full-scale cyclic and static plate loading tests in a large 4m2 by 3m deep laboratory test pit to investigate the mechanical properties of unbound granular materials. However, the very large volume of samples and the use of clay substrates restrict the practicality of this approach as a routine and economical laboratory assessment test.

In-situ Assessment Techniques

A direct and accurate method of measuring road foundation materials’ performance is by full-scale foundation trial(s), including insitu measurements and controlled trafficking. This may be appropriate for larger construction schemes for full design validation and material assessment, however a laboratory test is desirable for preliminary material selection and assessment of behavior (under controlled conditions) and provides much greater economy relative to fieldwork. 

Many stiffness measuring devices are in existence, such as the static plate bearing test and more contemporary portable dynamic plate tests. The portable devices are considered more appropriate for commercial use as they are quicker and recreate the transient nature of a wheel load. The portable devices typically measure a single deflection (indirectly via a velocity transducer) at the centre of the bearing plate (or the ground through a hole in the plate) under a transient load pulse. The derived measurement is termed a ‘composite’ stiffness (Ecomp, see Equation 2), as the measured deflection may relate to the influence of more than one layer (11). In addition, the term ‘stiffness’ (and not elastic modulus) is used as the test measures the maximum deflection under load, and may they not be truly elastic. Based on elastic half space theory the stiffness measured is calculated from the following equation (12).
Ecomp = 
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Where:-
A 
= plate rigidity factor (
[image: image4.wmf]π/2

assuming a rigid plate)



P 
= applied stress (kPa)



r 
= plate radius (m)
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= Poisson’s ratio



d 
= deflection (mm)
The portable devices (with a 10kg falling mass) typically apply a stress of up to 150kPa over a period of approximately 20 milliseconds, via a 300mm diameter bearing plate. The depth of significant additional stress is expected to be approximately 1.5 to 2 times the bearing plate diameter (i.e. 450mm maximum for a 300 plate). Thus in many construction cases the composite stiffness measured will be a combination of the stiffness response of more than one material layer. A full review of such devices is presented by Fleming et al. (13). 

The in-situ strength of foundation materials can be routinely assessed using the Dynamic Cone Penetrometer (DCP), though difficulties can occur in strong and very coarse materials due to the low (manual) impact energy and small cone size. However, the DCP is considered to be a useful and simple-to-use portable tool for assessing between materials and for changes in any one material’s strength. Another useful simple and portable indicator of strength is the Impact Hammer, and has been used to assess and control the compaction of granular soils in the field (14). It measures the maximum deceleration of a 50mm diameter 4.5kg mass cylindrical hammer, falling through 450mm to impact the surface of the material under test. The Impact Value (IV) reflects change in the near-surface strength of the compacted material and has traditionally been used in lieu of a direct density measuring device, to compare between the compacted state of materials prepared in the laboratory and field. 

Field Trials
During the research and development of the draft performance specification (1) several site trials were conducted, comprising in-situ field measurements to assess the proposed test methods and for design validation. A brief summary of some of the data, for materials similar to those tested in the laboratory this research described below. Data from field assessment of stiffness, strength (DCP), and compacted density are presented in Table 1. The field data are from both live construction sites and specially constructed trials.  

In many cases the subgrade tested, compared a range of materials including clays through to weak rock, the in-situ stiffness could vary significantly especially for the clay materials particularly if warm and dry, or wet weather was encountered. In some cases the composite stiffness measured on the subgrade was often higher than that on the capping layer placed and compacted above.
Trafficking trials were also carried out at most sites to assess the resistance to permanent deformation of the constructed foundation. These trials demonstrated the importance of the interaction of layers in the development of a rut, especially for unbound capping layers compacted onto a clay subgrade, whereby if the clay was overstressed and deformed, dilation of the overlying granular material was possible and deterioration rapidly occurred. In one trial (15), several material bays were constructed above a clay subgrade and in addition a concrete slab that had been cast in a section of the clay to form a stiff foundation. A 20mm thick rubber sheet was installed above the concrete and the capping placed on top. The stiffness data in Table 1 (Site 1) show that the foundation composite stiffness (thickness of 280mm) was greatly improved above the artificial substrate. However the corresponding density measurements did not show a significant difference. Improved DCP measurements, however, were shown to reflect the much greater resistance to permanent deformation that was observed above the artificial substrate (3 mm rut after 1000 passes compared to 153 mm rut after 100 passes on the clay). However, the subgrade was very soft at this site, and the granular sub-base layer was under designed to ensure deformation occurred. This demonstrates the value of field trials, in comparison to laboratory element tests to determine ruttability. However, the strength measurement correlation with the rutting gave confidence in this test to indicate deformation behavior. 

Thus, the previous research has shown that the composite stiffness and rutting behavior was a complex function of both the material intrinsic properties and the interaction of the layers (particularly to the depth of the zone of influence of the wheel/dynamic plate test). The thickness of the unbound layers above the subgrade, and its intrinsic stiffness are clearly two important factors in the distribution of stress and hence strains in this system. Thus the progression of changes of composite stiffness and strength with the construction of the capping layers was a key area of interest for the present study. 

The field data collected demonstrated a large range of composite stiffness for the granular capping materials, and sub-base layers, reported in detail elsewhere (11). The range that was measured was 40-142MPa with a large scatter (10-35% Coefficient of Variance), although a minimum value was determined. This minimum value appears in the draft performance specification (1) and was set to demonstrate both good material integrity and to produce a suitably stiff platform upon which to compact the next layer. 

The current research is aimed at investigating capping materials and whether their likely field behavior can be adequately predicted based upon a laboratory test, for acceptability and to determine a design value. The variation of the natural subgrade during construction was a difficult complexity and thus an approach was taken whereby it was considered that two substrate conditions, (both artificial) were deemed acceptable within the laboratory test.
Test Philosophy
From the above it can be seen that any test developed must aim to provide comparable performance measurements between the laboratory and the field, and be able to assess the performance parameters of stiffness and strength. A large test mould is deemed necessary to enable a representative sample of material with particle size up to 125mm, to be evaluated. The test mould should be rigid enough for the sample to be adequately compacted in layers to match field compaction. However, it must have appropriate boundary conditions to provide similar resilient support to that expected in the field. The compactive effort used to compact samples should be similar to that produced on site. Additionally an ability to simulate field water contents and drainage conditions is desirable. Finally the test developed has to ideally be practical, relatively simple, routine and must be able to be implemented effectively commercially.  Therefore, a large resilient test mould into which materials can be compacted is proposed. Measurements of stiffness and strength should be made with the same devices that are suggested for performance evaluation in the field. This should provide an appropriate and representative test that meets most of the requirements detailed above.

Methodology

Test mould

A large rigid steel mould of internal dimensions 1m x 1m x 0.5m deep was constructed, (Figures 2a and 2b). It comprised controlled drainage points evenly spread about its base, to allow wetting and drying of the sample and to facilitate drainage.

A synthetic substrate layer was used within the mould to create a reduced base stiffness condition. The stiffness measured directly on this layer aimed to be similar to the stiffness of a typical UK subgrade. A synthetic rubber sheet, as used in previous site trials (15), of 0.95m x 0.95m by 20mm thick was placed in the base of the mould. A thin drainage layer using a 5mm thick rigid plastic geo-drain fitted with geotextile filter on both sides was installed between the base of the mould and the synthetic substrate to facilitate drainage of the sample. The synthetic rubber had a surface hardness of between 40-50 IRHD0 and a density of 1.1Mg/m3. The rubber’s composite stiffness (within the mould) was approximately 40MPa measured by a dynamic plate test. The stiff base condition was provided by removing the rubber and using the mould base alone, and the composite stiffness was approximately 200MPa.
Materials Tested
Four samples were tested in the laboratory. They were selected to represent marginal, recycled and standard unbound granular materials used within a pavement foundation. A granodiorite was used to provide a performance benchmark from a good quality crushed rock.

The materials were, a recycled crushed concrete (classified as a 6F1 capping (9), (Figure 1) with an optimum water content (owc) of 12% and maximum dry density of 1.95 Mg/m3), a locally won mudstone (classified as a 6F2 (9), owc 8% and maximum dry density of 1.95 Mg/m3). The third material tested was a sandy gravel, (owc of 7% and maximum dry density of 2.18 Mg/m3) The sample predominantly fell within the 6F2 capping classification. The benchmark crushed rock material utilized was a granodiorite. The material was sourced as a Type 1 subbase (9) (with owc of 4.5% and maximum dry density of 2.2 Mg/m3).
Laboratory Sample Preparation

The optimum water content for material tested was derived from a standard laboratory compaction tests (16). A large capacity mixer was used to facilitate wetting or drying of samples to optimum water content prior to compaction. The material was installed in the mould in four layers of 100mm thickness. Compaction was performed using a 56kg electric vibrating rammer, with four passes for each layer, in accordance with the standard UK compaction specification (9). Compaction of materials in the mould (based on the overall volume of the material compacted), gave values of density similar to those obtained in the standard compaction test.
Stiffness and Strength Measurement

The order in which measurements were made with the various devices was important to minimize sample disturbance, therefore stiffness measurements were made before intrusive strength readings. The composite stiffness (Ecomp) was measured using the dynamic plate test, at five positions around the surface of each layer as the layers were built up. One test was located at the centre of the mould, the other four test locations were placed at the corners of the mould with the centre of the bearing plate approximately 250mm from the side walls (Figure 2b, positions 1 to 4). After completion of compaction of each layer, Ecomp was measured at all five locations. Repeat Ecomp test were made 24hours later. The Impact Hammer test was performed with three tests at each of the five test locations. The DCP test was then performed no closer than 250mm to the mould sides. This test process was repeated for each layer after installation

The dynamic plate test was performed using a 300mm diameter plate with the geophone contacting the material surface. The device was positioned ensuring good surface contact and three pre-compaction drops at 100kPa stress were applied to seat the plate firmly. Four further drops were then applied, one at 40kPa, one at 70kPa and two at 100kPa contact stress. The average stiffness from the latter two drops was used to express the test result for composite stiffness.


The DCP test was performed to BS 5930 (17). The top and bottom 50mm of penetration were ignored due to low confinement at the surface and base. The Impact Hammer test was performed and interpreted using the manufacturers standard (18).
Laboratory Tests Performed

The four materials were evaluated (Table 2) and the suitability of the test mould assessed as follows. Initially different base boundary conditions were assessed, a test was performed where the sample was compacted directly onto the steel base of the mould. In the second test the synthetic rubber substrate and drainage layer were placed in the box to provide a lower substrate stiffness (Ecomp = 40MPa). The moisture susceptibility of the capping was assessed by wetting it to saturation from the surface (only) of the sample and later allowing drainage through the base, (as might be expected during poor weather on site). The water added to achieve saturation was based on an estimation of air void content from compaction test data. The composite stiffness and strength were re-measured upon saturation and then again after a controlled period of drainage, repeat cycles of wetting and drainage were also performed.

Field Data Collection
Selected data from the field measurements at live sites and trials are shown in Table 1, for comparison to the laboratory data and findings for similar material types, grading, thickness and density. There is always the problem of lack of control during field trials on live sites, and the exact time since compaction, amount of construction traffic and water content at the test locations was generally unknown. The same test methods and analysis were used in the field to allow direct comparison to the laboratory data.
Results
Field and Laboratory Comparison

Field Data

In general the field data showed the magnitude of stiffness did not necessarily increase upon installation of the capping layer above that of the subgrade, however the range of stiffness measured did decrease (e.g. 12-57MPa down to 25-48MPa, Site 5). DCP evaluated CBR showed a tendency to increase with increasing material thickness perhaps resulting from greater material confinement (Table 1). 

Material type i.e. mineralogy and grading also appeared to have a significant effect of the strength and stiffness measured on site. The good quality crushed rock similar to that used in the Type 1 laboratory sample was less variable in the field compared to the other samples.

Laboratory Data
The composite stiffness increased as the layer thickness increased for the soft substrate condition (Table 2). The strength also increased due to an increase in confinement resulting from the increased thickness. 
The range of strength and stiffness values recorded in the laboratory appeared to vary between the different material types and grading, most significantly once the sample thickness increased above 300-400mm.

It was observed that allowing a rest period between installation and performance assessment had an effect on the composite stiffness measured. The composite stiffness increased with time for the sandy gravel and granodiorite materials. A rest period of approximately 24 hours was thereafter adopted between an initial test and a repeat test.
Field to laboratory

From the field data presented in Table 1 the subgrade composite stiffness ranged from between 12-57MPa on a soft/firm clay up to 37-65MPa on a mudstone. In the laboratory the composite stiffness measured on the synthetic substrate was approximately 40MPa. For the stiff substrate condition the composite stiffness was measured to be 200MPa.

The granodiorite sample achieved a relative dry density of between 120-130% in the laboratory compared to the field (possibly due to slightly different grading between materials and compactive effort). The mudstone sample achieved a relative dry density of between 83-98% in the laboratory compared to the field. The crushed concrete achieved a relative dry density of between 86-98% in the laboratory compared to the field. No in-situ field data was available for the sandy gravel.

The laboratory assessed stiffness results were slightly lower compared to the site data for the same layer thickness (Site 5-7). The strength data appeared to be of similar magnitude between the field and laboratory, comparing the same layer thickness.

Laboratory Boundary Effect

The base stiffness affected the composite stiffness and the strength measured on the sandy gravel sample. On the stiff base (200MPa) the composite stiffness decreased as layer thickness increased (Figure 3a). On the soft base (40MPa) composite stiffness increased as layer thickness increased (Figure 3b). On the final layer the strength was 10% (CBR) lower on the soft substrate condition, compared with the stiff base condition

Composite stiffness data of the test samples consistently shows lower stiffness measured at centre position in the mould (Figure 3a and b). This is considered to be due to the material stiffness, as the substrate stiffness is uniform across the mould. Clearly the rigid walls were having some effect for the outer stiffness measurement. No similar position effect was observed in the strength data, however, this test affects a smaller radial zone of material.
Stress Sensitivity

The stress sensitivity of the granular materials tests was investigated from plate contact stresses ranging from 40kPa up to 100kPa. A power equation was then fitted to the curves of stress verses stiffness, (as per the k-theta model Equ. 1), and produced a k2 constant at each test position. The bulk stress value (theta) was replaced by the plate contact stress applied.

The k2 values calculated for the sandy gravel (soft substrate) ranged from -0.01 up to 0.44. The k2 values calculated for the granodiorite (soft substrate) ranged from 0.41 up to 0.86.


Wetting and Drying

Upon wetting the sandy gravel (four layer) sample composite stiffness reduced (Figure 4). The wetted strength measured with the DCP was not significantly affected, other than at the surface. When the material was drained the composite stiffness increased almost three fold. The strength also increased from 50% to 300% CBR. The same trend was observed on the second cycle of wetting and drying.
DISCUSION

Field and Laboratory Comparison

The composite stiffness measured in the laboratory test using a soft substrate condition was within the range of values found in the field.  For the same layer thickness the composite stiffness measured in the laboratory was similar to that from the field.

It was clear that there was some effect of allowing the sample to ‘rest’ before assessment testing took place, with the sandy gravel being most sensitive – (this observation was reinforced by parallel test work in the Springbox reported in 8. The stiffness of these materials reportedly increased by up to 2 times, 24 hours after compaction). 
Although in-situ suction measurements were not made, an equalization of pore water pressure in the material is believed to cause this stiffness effect. This clearly has implications in the timing of assessment testing in the field following compaction. 
Laboratory Boundary Effect

For the very stiff substrate (Figure 3b) the relatively high stiffness of the base ‘masked’ the stiffness of the capping in the composite measurement (the stiffness ratio of the two materials is very high). With the synthetic subgrade the ratio of top of capping to subgrade (Ecomp) was approximately 3:1 (i.e. 120MPa versus 40MPa) which accords with the increase in stiffness with capping proposed in reference 19. Elastic theory states that once the sample thickness reaches approximately 1.5 times the test plate diameter (10% of applied stress), i.e. 400mm, the base stiffness effect should reduce. The stiffness ratio between the capping and rubber is much less than the stiffness ratio between the capping and steel base and it is therefore considered that the rubber base lining is more representative of field conditions. However, it has to be accepted that the elastic synthetic substrate may have affected the capping layer response during compaction. It is more difficult to ascertain these effects, as the compacted material densities achieved were very similar between the two substrate conditions used. It is considered that more confinement could be afforded to a layer after compaction on the elastic base condition as more particle reorientation during compaction may occur. Based on these results the soft base condition was chosen because it better reproduced field conditions.
The significant change in properties at the boundary between the sample material and the side wall of the mould affected the composite stiffness measured. The side wall reduces the amount of vertical deflection by offering frictional resistance in the vertical direction and it is thought less horizontal deflection occurs. The bulb of stress theoretically extends approximately 0.9 times the plate diameter horizontally from the centre-line of the plate, thus this extends 270mm with a 300mm plate. The side wall will therefore influence the test if it is performed closer than this to the side. The tests should thus be performed at the centre position or no closer than 0.9 times the plate diameter, to the sides.
Laboratory Stress Sensitivity

The range of k2 values calculated for the sandy gravel and granodiorite generally agree with the range quoted by Boyce (4) of between 0.4 to 0.8 for granular materials. The sandy gravel and granodiorite samples are both stress sensitive, therefore the magnitude of stress applied during testing is important. Stress dependency is important in foundation thickness design calculations. 
Wetting and Drying

The sandy gravel material was clearly moisture susceptible (Figure 4). The water content profile for the layers of the ‘as installed’ material and after the second cycle of draining (whereby the material could be excavated and the water content assessed) is presented in Figure 5. Figure 5 clearly shows that during the draining phase the sample dries preferentially from the top, and hence that the greatest suctions occur here. In the laboratory the samples were open to surface drying effect as well as draining.
Figures 4 and 5 combined demonstrate the high sensitivity of the sandy gravel to wetting and drying. This is an important issue for the field, for both measuring and achieving the performance targets. The performance measured on site should perhaps only be considered a ‘snapshot’ relating to the stress state in the material at the time of testing and should be assessed just before construction of the next layer to ensure compliance.
Conclusions

-
It is considered difficult to assess the expected field behavior of aggregates with large particles in conventional tests in the laboratory, and there is a need for a large-scale routine test method which can accommodate such large particle sizes.

-
The large-scale test developed can utilize the same equipment as is proposed for use in the field for direct comparison of composite stiffness and (indirect) strength behavior. 

-
The ‘soft’ base boundary condition was effective for compaction of the granular materials and was considered more representative of field conditions than a ‘rigid’ base condition.

-
The effect of a ‘rest’ period after compaction was shown to have a large effect on the measured composite stiffness.

-
Boundary effects are shown to affect composite stiffness measured with the plate tests.

-
The dynamic plate test measured stress sensitive behavior from the granular materials which makes comparison harder between different test methods. Therefore there is a need to ensure testing at consistent magnitude of stress, 

-
The sandy gravel tested was found to be both moisture susceptible and be able to maintain negative pore water pressures. This had a large effect on both its stiffness and strength behavior.

-
The changes in water content post installation have important consequences for achieving site target values in a performance specification.
-
To extend this work it is realised further controlled field trials and laboratory tests are required to extend the database of results and provide controlled validation of the test methodology, this should include wetting and drying of the materials in-situ.
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TABLE 1 Field test data from compaction field trials in the United Kingdom

	Site
	Material
	Layer
	Thickness
	
[image: image6.wmf]ρdry


	Ecomp
	DCP

	No
	Description
	Type
	mm
	Mg/m3
	MPa
	% CBR

	1
	Glacial till

Granodiorite
	Subgrade

Sub-base


	-

280
	-

1.99

2.06

2.09

2.08£
	16-44$

38*$
48*$

38*$

128*$£
	3-3.5

17

24

30

>30£

	2
	Mercia Mudstone
	Subgrade
	-
	-
	13-19$
	5-6

	
	Granodiorite (40mm down)
	Capping
	450

300

150
	1.60-1.69

1.60-1.69

1.60-1.66
	32-37$
41-49$
35-44$
	11

8

5

	
	Granodiorite

(Type 1)
	Sub-base
	150

150

150
	1.88-1.97

1.91-1.98

1.90-1.97
	47-52$
42-46$
30-36$
	5

8

7

	3
	Very soft sandy silty clay
	Subgrade
	-
	-
	19$
	2-6

	
	Parphyritic Andesite (6F2)
	Capping
	450
	2.05-2.13
	43-70$
	-

	
	Oolitic Lime- stone (6F2)
	Capping
	450
	1.96-2.04
	62-67$
	-

	
	Parphyritic Andesite (40mm down)
	Capping
	450
	1.97-2.10
	44-54$
	-

	4
	Mercia Mudstone
	Subgrade
	-
	-
	37-65$
	15-100

	
	Sand, gravel and limestone
	Capping
	400
	-
	65-67$
	3-100

	5
	Soft to firm clay
	Subgrade
	-
	-
	12-57+
	10-21

	
	Sandy gravel (6F2)
	Capping
	250

600
	-

-
	25-48+

35-192+
	22-52

37-105

	6
	Mudstone (6F2)
	Capping
	300-600
	1.66-2.04
	50-120+
	9-30

	7
	Crushed concrete with 5% rubble (6F2)
	Capping
	395

285
	1.68-1.85

1.64-1.86
	151-163+

119-209+
	45-65

17-23

	Notes:

DCP = Dynamic Cone Penetrometer         CBR = California Bearing Ratio (% CBR)

Ecomp = Composite stiffness (MPa)         
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 = Dry density (Mg/m3)

* = Backcalculated layer stiffness              $ = Falling Weight Deflectometer            

+ = Portable Dynamic Plate Test               100kPa contact stress applied 
£ = With artificial subgrade


TABLE 2 Laboratory tests data upon the soft substrate condition

	Material
	Thickness
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	WC
	Ecomp
	DCP
	Impact H

	Description
	mm
	Mg/m3
	%
	MPa 
	% CBR
	IV

	Stiff Base Soft Base
	-

-
	-

-
	-

-
	200

40
	-

-
	-

-

	Crushed Concrete (6F2)
	450
	1.60
	8.5
	36-41 (6%)
	18-23
	23

	Mudstone (6F2)
	450
	2.00
	8.0
	36-87 (37%)
	59-63
	5

	Sandy gravel (6F2)
	100

200

300

400
	2.06

2.24

2.05

2.21
	6.4

6.4

6.5

6.5
	17-21 (7%)
12-42 (14%)
45-105 (38%)
71-145 (31%)
	-

23

45

54
	6-12

21-31

22-56

20-35

	Granodiorite

(Type 1)
	100

200

300

400
	2.39

2.44

2.43

2.43
	4.2

3.9

4.0

4.2
	13-17 (11%)
18-28 (17%)

31-51 (18%)
18-35  (22%)
	-

51

97

81
	17-22

38-47

32-42

26-33

	Notes:
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 = Dry density (Mg/m3)                        WC = Water content                                          Ecomp = Composite stiffness (MPa)            (value) = Coefficient of Variance (%)
DCP = Dynamic Cone Penetrometer            CBR = California Bearing Ratio (% CBR)

Impact H = Impact hammer                          IV = Impact value (x10g = ms-2)
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FIGURE 1 Particle size distribution for laboratory samples.
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FIGURE 2 Laboratory test apparatus (a) set-up schematic, (b) mould with portable dynamic plate test and test positions labeled.

[image: image12.emf]0

20

40

60

80

100

120

140

160

180

1 2 Centre 3 4

Positiion

Ecomp (MPa)

400mm

300mm

200mm

100mm


(a)

[image: image13.emf]0

20

40

60

80

100

120

140

160

180

1 2 Centre 3 4

Position

Ecomp (MPa)

400mm

300mm

200mm

100mm
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FIGURE 3  Composite stiffness on each compacted layer versus 

test position, (a) stiff base condition, (b) soft base condition.
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FIGURE 4 A summary of composite stiffness for the sandy gravel on synthetic substrate.
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FIGURE 5 Water content profiles for the sandy gravel on ‘synthetic’ base conditions
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