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Abstract
[bookmark: _GoBack]This paper presents the results of research undertaken at the University of Auckland to evaluate laboratory methods of compacting basecourse material for “large scale” (250mm diameter by 625mm height) Repeated Load Triaxial (RLT) tests. The methods of compaction evaluated are kneading and vibratory compaction. The majority of laboratories globally use some form of vibratory compaction for the purpose of compacting RLT specimens. This is primarily due to the high energy output of vibratory hammers, making vibratory compaction more efficient at compacting aggregate specimens to higher densities. For this reason most contractors use vibratory rollers for in-field aggregate layer compaction. However, high energy compaction both in the field and especially in laboratory specimens, where specimens are bounded by rigid steel moulds has been shown to cause disintegration of aggregate particles. This paper evaluates if similar Dry Densities (DD) can be achieved for M/4 and permeable basecourse from kneading compaction without crushing aggregate particles. Changes in particle size distributions (PSD’s) can greatly alter the structural and drainage performance of any granular layer. This paper presents the results of evaluating which mode of compaction has the greatest effects on the initial PSD.


Introduction
Performance characteristics of road pavements are obtained through laboratory based materials testing in conjunction with field testing. The Repeated Load Triaxial (RLT) test is used to evaluate pavement fatigue performance in the laboratory. Although the RLT test itself has been shown to be very effective in predicting pavement performance, the methods of compaction used in laboratories globally to prepare specimens lack appropriate test standard repeatability and reliability and therefore correlation with field compaction. This can lead to serious consequences regarding specifications for field basecourse compaction and performance and can mislead engineers who rely principally on the results of laboratory tests for making decisions concerning the field compaction process.
A poorly compacted layer is characterised by Chilukwa (2013) as having lower density, higher porosity and lower cyclic stiffness than a properly compacted layer. Poor compaction can result in rutting and eventually lead to water ingress in the pavement layer which results in early failure of the pavement. However, the porosity and shear strength of the material is more difficult to obtain. The porosity of a layer is subject to the degree of compaction, the size and shape of particles and DD of aggregates which make up the layer. The PSD of the layer determines the distribution of sizes of aggregates within the layer. Therefore the key performance indicators for this research will be the PSD and DD of specimens.
Research Objectives
The objectives of this research are to determine the PSD and DD of M/4 and permeable basecourse after kneading and vibratory compaction and in doing so determine which mode of compaction is more suitable for RLT specimen compaction.
Repeat Load Triaxial (RLT) Testing
The basis of the RLT test is to simulate traffic movement effects on pavement basecourse and this allows pavement fatigue behaviour under cyclic loads to be monitored. It is believed that RLT when used in conjunction with source and production testing can give greater confidence in predicting basecourse performance and ultimately allows an estimate of pavement life under various loading conditions (Lowe, 2007).
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[bookmark: _Toc351235653]Figure 1(a): Conventional RLT apparatus used in New Zealand.	Figure 1(b): “Large scale” RLT.
The RLT test uses Linear Variable Displacement Transducers (LVDT’s) to measure vertical, horizontal and occasionally radial deformation. Some small scale RLT tests are performed using a cell of approximately 150mm diameter. However, this restricts the maximum aggregate size to approximately 20mm. The triaxial cell used for the research described in this paper is 250mm in diameter and 625mm high; this allows the inclusion of 37.5 mm particles which is the maximum allowable particle size for M/4 basecourse aggregate in New Zealand. The inclusion of 37.5 mm down aggregate in laboratory tests allows for closer simulation of field basecourse behaviour. The small scale RLT apparatus (150mm Ф x 300mm high) displayed in Figure 1(a) is preferred globally over the large scale RLT in Figure 1(b) due to its ease of use, reduced testing duration and lower operation and consumable costs. However, the small scale RLT cell requires scalping of aggregates with an average least dimension (ALD) greater than 20mm (Molenaar, 2010, Shackel, 2006). Aggregates with an ALD greater than 20mm are seldom tested in the small scale RLT. The lack of size restriction on ALD leads to unreliable and inconsistent results as a consequence of edge effects (Li, 2013). The RLT test can effectively measure vertical and lateral deformation and associated stresses, volume change during drained tests and pore pressure during saturated undrained tests. The RLT test allows the deduction of the resilient modulus, Poisson’s ratio and cumulative permanent strain arising from creep deformation, all of which are significant in assessing pavement performance.  
Methods of Laboratory Compaction
Compaction is a key process in the construction of road pavement layers. It is significant in ensuring the structural integrity of the pavement layer as well as having an influence on the engineering properties and performance. Therefore, it is vitally important that field compaction is done correctly. Specifications for basecourse compaction in the field are often a result of aggregate compaction and testing of materials in the laboratory (NZTA, 2005). Higher densities produced in laboratories than is possible in the field with less lateral and base restraints, will result in over compaction of aggregates in the field. As a consequence aggregate degradation can occur in the field which alters basecourse performance from that assessed in the laboratory. Variables such as subgrade type, undulating terrain and a lesser degree of lateral confinement in the field make it difficult to simulate field compaction in the laboratory using current methodologies and practices. Some laboratory compaction methods have been developed to simulate the field compaction process in the laboratory. 
There are four primary modes of compaction:
· Impact Compaction,
· Static Compaction,
· Kneading Compaction, and
· Vibratory Compaction
For granular soils Impact and Static compaction have been deemed unsuitable due to the nature of cohesionless soil. When a standard load drops on to a sample, the impact compaction has a tendency to dislodge the particles resulting in poor dry densities (Shahin, 2011, Chilukwa, 2013, Kelfkens, 2008, Karan, 2012). Static compaction does not provide sufficient particle rearrangement to achieve the required densities. As a result, static and impact compaction will not be further evaluated in this study.
Kneading Compaction
Kneading compaction rearranges particles into a more dense mass by squeezing particles together. It has previously been used to compact soils heavy in clay content. Its action and particle re-orientation in the laboratory tends to simulate the Sheepsfoot (pad-foot) roller in field. The Sheepsfoot roller can be used for granular material with the presence of some fines. There has been much debate over which laboratory method is ideal for compacting granular material. Toan (1975) stated that the action of flat rollers in the field is a kneading action; therefore it is ideal to use kneading compaction in laboratory testing, since it closely resembles field compaction. The kneading compactor also produces good specimen repeatability and reproducibility which is important when compacting RLT specimens (Toan, 1975). On the contrary, Kelfkens (2008) and Chilukwa (2013) believe that static compaction such as kneading compaction is more suitable for cohesive clays than granular material due to the increased particle sizes of roading aggregates. 
Vibratory Hammer Compaction
Vibratory hammer compaction remains one of the most popular methods of compaction for granular soils due to its ease of use, speed and effectiveness. Since field compaction equipment uses vibration to compact aggregates effectively, some researchers believe that vibratory compaction yields a better correlation between field and laboratory results (Patrick, 2010, Arnold, 2004, Chamblin, 1962). Laboratory compaction by vibratory means can be achieved by using a vibrating hammer or a vibrating table. Chilukwa (2013) and Chamblin (1962) identified that the vibratory hammer is capable of producing densities of specimens comparable to those of the vibratory table. For the purposes of this study, vibratory hammer compaction is considered.
Repeatability and reproducibility become important variables when carrying out RLT tests as it can greatly influence test results (Toan, 1975). Eliminating as much variability as possible is highly recommended when comparing results between specimens.
Repeatability tests done by Chilukwa (2013) showed that, the vibratory hammer compaction method was effective in compacting graded crushed stone material and also that vibratory hammer compaction does not result in any significant material disintegration. However, Shahin (2011) clearly states that the New Zealand vibrating hammer compaction test procedure has been proven to provide inconsistent results. Shahin (2011) found up to 20% variation in vibratory compaction maximum dry densities (MDD’s). The variations may be caused by operator error, natural properties, hammer energy, water content, mould size, oversized particles, aggregate degradation and aggregate segregation. 
Kneading compaction eliminates some of the variability that arises from operator/technicians, aggregate segregation and the compactor itself. Vibratory hammers with different frequencies produce different results whereas kneading compaction has greater repeatability for a constant foot pressure.
Shahin (2011) and Toan (1975) state that the size of the mould should be 6-8 times greater than the maximum aggregate size. However the New Zealand vibratory hammer standards (NZS 4402: Test 4.1.3.) specify a 150mm diameter mould which is only four times the maximum aggregate size of 37.5 mm (NZS, 1986). This inconsistency produces additional variation in compaction results (Shahin, 2011). The source of variation is believed to be interlocking of oversized particles in the small 150 mm mould. To avoid such variations, the  USA and UK vibratory hammer specifications require scalping of aggregates retained on the 19mm sieve if a 150 mm diameter mould is to be used for compaction (BS, 1990, ASTM, 2008). Similar compaction principles should be applied to RLT compaction specifications in New Zealand where maximum aggregate size of 37.5 mm is used in a 150 mm diameter specimen. 
Energy
Hammer input power rating has a significant influence on the variation of the vibrating hammer compaction test results. This is due to the fact that hammers with high input power ratings apply a greater compactive effort on the specimen during compaction than a hammer with a relatively lower input power rating (Shahin, 2011). However, higher compactive efforts also result in greater changes in PSD.
According to NZS 4402 Test 4.1.3 the maximum energy output that can be achieved in laboratory vibratory compaction is 92.7 kJ based on a compaction duration of 180 seconds per layer and energy of 1200W (Kelfkens, 2008). The maximum compaction energy for New Zealand is more than twice that of UK or US (around 42kJ). This difference in compaction energy is largely the result of the New Zealand standard allowing an extended compaction duration of 180 seconds rather than 60 seconds in the UK or US standards for hammers with similar output power ratings.
The energy output of the newly developed vibratory hammer and frame at the University of Auckland can be calculated using methods described by Kelfkens (2008) to be 256 kJ using a compaction time of 180 seconds. In order to meet NZS 4402 Test 4.1.3 maximum energy criterion the compaction time per layer is required to be reduced to 85 seconds per layer for 6 layers of compaction (or 65 seconds per layer for 8 layers of compaction). This would equate to the same output energy of 92.5 kJ. However, in this study, majority of compaction was achieved after 60 seconds when 6 layers of compaction were utilised.
Particle Size Distribution
The stability of an in situ unbound granular layer is derived mainly from particle interlock and surface friction particularly for permeable basecourse layers which have considerably smaller amounts of fines than a typical basecourse layer. The PSD is therefore an important characteristic for strength and stiffness determination. The maximum particle size of an unbound layer is constrained by the layer thickness because roller compaction is only effective up to a depth of approximately 250 mm and layer workability gets difficult if stones of about 30% of layer thickness are present in the layer (Thom, 2008). Therefore, particle size and gradation are significant factors to be considered when constructing granular pavement layers. Salt (2011) recommends the PSD of basecourse material tested in RLT tests and compacted in the field needs to be closely controlled in order to maintain consistency and avoid unpredictable performance, even though this is not common practice in New Zealand. A change in PSD has an influence in the degree of saturation and permeability of the basecourse which has a significant influence on its performance (Salt, 2011). Salt (2011) goes as far as to say that contractors must do pre and post-compaction PSD of basecourse layers in field in order to control changes in PSD that can hinder pavement performance. 
The density and hence stability of an aggregate material is affected by the amount of fines contained in it. Greater amounts of fines can lead to layer instability when traffic loading is applied. In the case of vibratory compaction, high energy compaction can lead to aggregate crushing and the disintegration of larger aggregates, therefore producing greater proportions of fines than expected. This in turn produces unpredictable results in laboratory based tests and accelerated pavement deterioration in the field, even though unrealistically high MDD’s can be achieved in the laboratory due to the increased lateral constraint of the mould. Excessive breakdown to smaller size particles can also lead to an increase in the void content which in turn lowers the MDD that can be achieved and increases the moisture requirement for optimal compaction and sensitivity to water depending upon aggregate mineralogy. 
Compaction Methodology
The aggregate used for this study was Greywacke from a hard rock quarry in the South Auckland region with a solid density of 2.72 t/m3. After the aggregates were confirmed to be of M/4 standard using tests specified in TNZ (2006) they were mixed thoroughly with water to raise the moisture content of the aggregate to the Optimum Water Content (OWC). The OWC of the aggregates used for this study was identified to be between 4-5% (Karan, 2012). The OWC obtained for the material used in this research agrees with OWC of similar material in the literature (Zlender, 2007, Lowe, 2007, Shahin, 2011). The OWC of the basecourse aggregate could lie anywhere between 4-5% without much variation in MDD. The drier end of the OWC has been used in this study. The OWC of the permeable aggregate was identified to be 1%. The low OWC of the permeable aggregates can be attributed to high voids content of the aggregate layer which results in any additional water flowing to the bottom of the specimen.
Once the aggregate was acquired from its source in sealed boxes it was split using a riffle box. After quartering the specimens, the water contents (WC) of both the M/4 and permeable aggregates were raised to optimum and left to cure in sealed containers. They were then compacted using kneading or vibratory hammer compaction.
For vibratory compaction the aggregates can be compacted using two different methods. “Method 1” (suitable for kneading and vibratory compaction) is the more conventional method used globally. It has been previously used by Arnold (2004), Chilikwa (2013) and Kelfkens (2008).
Method 1 involves compacting the aggregates in layers using either kneading or vibratory compaction. The compacted height of each layer is approximately 120mm (3 times maximum aggregate size of 37.5mm). The top 20mm of each layer was scarified using a steel spatula to reduce any layering effects, leaving an effective compacted layer height of approximately 100mm. This effectively provided 6 layers of compaction. This method of compaction is based around achieving a target density for each layer, where the density of each layer contributes to the overall density of the specimen. This method is commonly used in practice and seldom results in exceedance of maximum energy requirements of NZS (1986) which is the standard for vibratory hammer compaction in laboratories in New Zealand.
“Method 2” (only suitable for vibratory compaction) utilises the maximum allowable energy per layer specified by NZS 4402 Test 4.1.3 NZS (1986) which has been previously determined. It involves compacting the specimen in 6 layers but instead of aiming for a target density as in Method 1 using this method involves compacting each layer for 60 seconds with 6 layers being utilised. 
In this study, due to time restrictions only Method 2 is used for vibratory compaction of materials and Method 1 is used for kneading compaction without targeting any particular density for both the M/4 and permeable basecourse. For kneading compaction each layer is compacted at a foot pressure of 1000 kPa for 25 tamps per layer with a dwell time of 2 seconds per tamp.
Once the specimens were compacted they were removed from the mould in “layers” and dried separately in ovens overnight. After 24 hours of drying at 103°C, post compaction PSD tests were undertaken using sieves ranging from 37.5mm to 0.075mm. The M/4 PSD envelope adopted from New Zealand Transport Agency and the permeable envelope which was adopted and reconstructed from work done by Professor Brian Shackel were used as benchmarks for this study (NZTA, 2006, Shackel, 2001).
Results and Discussion
PSD and DD tests were undertaken on M/4 and permeable aggregates compacted at OWC using kneading and vibratory compaction. Due to the larger specimen size and therefore longer specimen preparation time, limited tests were possible within the timeframe of this study. There was one specimen prepared for kneading compaction and one specimen prepared for vibratory compaction.
M/4 Aggregates
Figure 2 shows the results of PSD testing on M/4 aggregates compacted at 4% water content (WC) using kneading compaction. Despite deviations from the M/4 envelopes across all aggregate sizes the PSD of all layers of compaction are within 10% of the ‘pre compaction’ PSD and within the envelopes. These set of PSD test results agree with work undertaken by Toan (1975) where he found minimal changes in post compaction PSD’s for basecourse compacted at a foot pressure of 1000 kPa using the kneading compactor. 

Figure 2: Compaction of M/4 aggregates at 4% WC using Kneading Compaction.
A similar trend in post compaction PSD of M/4 material was found between both vibratory and kneading compaction. Figure 3 shows that there is little change in PSD as a result of vibratory compaction. Most of the layers tested are within the M/4 basecourse envelopes from NZTA. This is contrary to the research done by Shahin (2011) and comparable to work done by Chilukwa (2013). A reason for the inconsistencies in results may be due to reproducibility issues identified by Shahin (2011) and compacting large aggregates in a small mould using different vibratory hammers. The larger diameter mould was predicted to reduce the effects of aggregate degradation and this is somewhat evident from Figure 3. In comparison, if a similar material was compacted in the field using similar energy levels (which is often not the case), the effects of aggregate degradation can be predicted to be further reduced as there is even lesser rigid confinement of the aggregates than that present when using the large mould. The rigid walls of the compaction mould as well as testing larger aggregates than specified in the small mould can contribute to the degradation of aggregates. 

 Figure 3: Compaction of M/4 aggregates at 4% WC using vibratory compaction.
There is very little deviation from their pre compaction states for both kneading and vibratory compaction when the amount of vibratory energy is carefully controlled. This leads to the conclusion that there is no significant aggregate degradation occurring from vibratory or kneading compaction of M/4 aggregate when it is compacted using a 250mm diameter by 625mm high mould. This may not be the case in a standard CBR mould (150mm diameter by 125mm specimen height) which is frequently used to test the MDD of this material. The results may also vary for the small scale RLT where a 150mm diameter by 300mm high mould is used. The effects of these moulds on aggregate degradation should be further evaluated.
Permeable Aggregates
The results of post kneading compaction of the permeable aggregates that were compacted at 1% WC are illustrated in Figure 4. The trend in Figure 4 is different from the PSD trends displayed in Figure 2. There is a reduction in fines (materials passing the 2.36mm sieve) for layers 2 to 5 and there is a significant increase in fines content for layer 1. This can be a result of aggregate segregation. This is possible for permeable aggregates and not the M/4 aggregates due to the higher voids content of permeable aggregates. There are a lot more void spaces in permeable mixes giving the finer aggregates room to travel to the bottom of the specimen. The effects of transportation of fines to the bottom can be analysed by undertaking permeability and RLT tests to check if this affects the specimens’ permeability and structural performance (this will be considered in future research). The effects of aggregate segregation in the field also need to be better understood in order to correlate with basecourse performance in the laboratory.
 
 Figure 4: Compaction of permeable aggregates at 1% WC using kneading compaction.
Only four layers were compacted for the permeable aggregate using vibratory compaction due to the failure of the vibratory compactor after compaction of the fourth layer. Repair of the vibratory compactor was not possible within the timeframe of this research. Despite this, Figure 5 shows a similar trend to Figure 4, where the permeable specimen was compacted using the kneading compactor. In Figure 5 there is an increase in fines content for layer 1 whilst a reduction in fines content for layers 2 to 4, similar to Figure 4. Therefore the effects of not compacting layers 5 and 6 can be considered to be minimal. This may be due to a reduction in segregation for layers 5 and 6 as a result of the increased height (625 mm) of the specimen. The PSD results displayed in Figure 5 coincide with Shahin’s (2011) conclusion that vibratory hammer compaction may lead to segregation of aggregates. This is also the case for kneading compaction.  
The increase in fines content of layer 1 shown in Figures 4 and 5 may be due to aggregate segregation rather then aggregate crushing at the bottom of the specimen because if there was aggregate crushing taking place then there would also be a gradual increase in fines content from layer 6 (or layer 4 for Figure 5) to layer 2.

 Figure 5: Compaction of Permeable aggregates at 1% WC using Vibratory Compaction.
Results show that there is no permeable aggregate degradation as a result of either vibratory or kneading compaction but rather fines transportation. The PSD results of Figures 2, 3, 4 and 5 suggest that either mode of compaction is suitable for compaction of M/4 or permeable aggregates. However, the dry densities achieved through both modes of compaction displayed in Table 1, suggest otherwise.
Table 1: Dry densities achieved from Kneading and Vibratory compaction.
	Dry Density (kg/m³)

	Compaction Type
	M/4 Basecourse
	Permeable Basecourse

	Kneading
	2043
	1853

	Vibratory
	2070
	1961



Table 1 shows that for M/4 aggregates, both the vibratory and kneading modes of compaction achieved reasonably similar densities. However vibratory hammer compaction achieved a significantly greater density than kneading compaction for the permeable basecourse. Based purely on laboratory compaction densities, this leads to the conclusion that vibratory compaction is more suitable for the compaction of both M/4 and Permeable aggregates in the laboratory if a larger 250mm diameter by 625mm high mould is used. Plateau testing identifies the MDD achieved in the field; procedures of how to undertake them are outlined in TNZ (2005). Plateau testing should be undertaken to determine the densities that can be achieved for both these aggregate grading’s before a laboratory method of compaction is chosen. 
Conclusions
On the basis of test results at hand, the following conclusions can be drawn:
· The small RLT mould can lead to the degradation of aggregates if appropriate maximum aggregate sizes to specimen size ratios are not adhered to.
· The larger RLT mould reduces aggregate degradation when compared to PSD test results of vibratory compaction in the smaller mould.
· Maximum aggregate size to specimen diameter ratio of at least 1:6 which has been determined through a review of the literature must be adhered to when compacting basecourse aggregate in the laboratory.
· Failure to do so will result in non-representative densities and aggregate degradation in the laboratory that are unrealistic in terms of setting a specification target for field density.
· Field compaction to laboratory compaction calibration should be considered to take account of the differences between laboratory test and field conditions.
Future Research
In this study, due to time limitations limited tests were possible. In future, at least three tests for each aggregate type should be undertaken to increase the statistical validity of the results obtained for a particular mode of compaction and demonstrate repeatability.
Vibratory testing should be done using both Methods 1 and 2 described in this research to evaluate the effects of aggregate degradation that arise from the method of compaction.
Post compaction PSD tests should be done using the CBR and small scale RLT mould to identify the effects of testing the full New Zealand basecourse spectrum in these moulds and in doing so identify aggregate degradation effects as a result of mould size.
Field density testing should be done on both the M/4 and permeable aggregates to validate the densities of the materials achieved in the laboratory.
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Kneading Compaction of M/4 Aggregates at 4% WC
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Cumulative % Passing

Vibratory Compaction of M/4 Aggregates at 4% WC
Layer 1	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	100	72.886926608017347	53.787920286600119	41.474851276882447	24.890169484097846	12.987937815660015	7.6371922828313723	4.6725900281560424	2.0421354777216498	0.4886225445621466	-1.0658141036401503E-14	Layer 2	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	95.476163080581443	69.959344916196841	49.715222644114604	38.548498446668972	23.877190963832323	12.902236029609179	7.4003758677559208	4.4931538373029625	1.7920837648141816	0.46408161699843364	6.4392935428259079E-15	Layer 3	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	95.774924485425458	69.43600198254984	49.155078413586097	37.278482788288017	22.767527330197442	12.182394583524296	7.0277650491429569	4.1876689141799446	1.7132222980745331	0.44607370970611582	3.8968828164342995E-14	Layer 4	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	98.445286568325088	72.111932131648686	52.056219305941198	40.000180885797754	24.509121166351626	13.313194714516992	7.4452594354554273	4.3521122939032448	2.1235992656036617	0.47211193213164981	1.6653345369377348E-15	Layer 5	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	97.558267612459801	73.340970172269465	56.084945146935716	43.267392166365596	25.566374410715067	13.436136934396608	7.2194563158126517	4.3045336388068787	2.1950037449883122	0.60536634797548983	-1.3100631690576847E-14	Layer 6	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	93.477359620433916	67.39508959417752	50.417799069510323	38.741535768575226	22.882675388087868	11.550048367036689	6.6682021281495913	3.9504353033303903	1.8876963471371062	0.40444055460866157	-2.5979218776228663E-14	Lower Limit	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	100	66	43	28	19	12	7	3	0	0	0	Upper Limit	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	100	81	57	43	33	25	19	14	10	7	0	Pre Compaction	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	98.948484580719267	69.262036011174473	49.602707975068142	38.553979377519184	26.29944059651579	14.445932259840534	7.5142229865212915	3.7486150855418257	1.2676640316474113	0.30179240217235381	-7.6050277186823223E-15	Entire Specimen	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	96.723975317234007	70.832736313551123	51.872070338640121	39.884175537986991	24.077820938152954	12.729196550459067	7.2220236530052837	4.3164923893755169	1.9607966631973945	0.48102736738681995	4.496403249731884E-15	Sieve Size (mm)

Cumulative % Passing

Kneading Compaction of Permeable Aggregates at 1% WC
Layer 1	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	94.711498023382958	78.223568004037347	55.844688367398433	33.67503574732946	15.064345193035575	8.034737993102862	4.4147951888300039	2.2867776936664073	1.3373706787786963	0.66342837917401931	-7.4384942649885488E-15	Layer 2	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	98.320893547191787	67.194960563231177	41.58064686887937	23.838865068021818	9.4277698374887624	4.7334709650098032	2.6499391244508064	1.4324281403843195	0.87449049812080859	0.46688899475941958	1.0103029524088925E-14	Layer 3	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	99.062690897984112	72.608048259010388	45.110148136835683	25.506834147831409	9.9362400733048393	5.0062996334758845	2.8128817959682482	1.5605910201588415	0.94780849114234866	0.43238393402567188	1.5654144647214707E-14	Layer 4	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	99.043588136794625	71.215187532745034	47.811347503158927	25.752236935372853	11.739929938465014	6.3209475771241888	3.5297864253207729	1.8357765838324283	1.0848237675025429	0.57939451218885796	0	Layer 5	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	98.769503426770314	71.505647721281861	45.750468306580956	26.194882839227805	11.35152718421552	5.9113189981043135	3.2663682964857097	1.7117026169083627	1.0229834774707793	0.55411605029665933	-2.8310687127941492E-14	Layer 6	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	94.395896850241144	66.260158456628346	40.622610149789416	21.975915408224633	9.0128580314261928	4.5487452967747668	2.5247014917763457	1.3520816551273871	0.81063719142251989	0.42010380234725847	-1.9872992140790302E-14	Lower Limit	37.5	19	13.2	4.75	2.36	0.42499999999999999	0.15	7.4999999999999997E-2	1E-3	100	65	45	15	9	2	0	0	0	Upper Limit	37.5	19	13.2	4.75	2.36	0.42499999999999999	0.15	7.4999999999999997E-2	1E-3	100	85	70	35	22	9	3	2	0	Pre Compaction	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	94.84303096012529	73.242259968678482	46.776051078183364	26.826165522226255	10.99192868329119	5.7072641850379675	3.1254065775207995	1.6099265148777437	0.90687868931455939	0.42741838332732901	1.8929302569858919E-14	Entire Specimen	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	97.387804456728276	71.168077388149953	46.090516496804298	26.125755743651773	11.060632233546402	5.7422698220763717	3.1910519951632601	1.6932112627396994	1.0112281913975001	0.51736051131458338	2.1427304375265521E-14	Sieve Size (mm)

Cumulative % Passing

Vibratory Compaction of Permeable Aggregates
Layer 1	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	98.249781329857484	79.094276844975738	55.483904162450486	31.852093230658419	14.633748949525792	7.9398699984564507	4.3974136896084559	2.2981803214022367	1.3163085049822536	0.65601042756444783	4.4408920985006262E-15	Layer 2	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	99.183264546058439	67.607182916072276	43.204216532903565	25.123871543847823	10.56964575460913	5.4939071535136144	2.9718280717420611	1.559420226725782	0.96374783565106781	0.51835476810160119	2.0872192862952943E-14	Layer 3	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	97.206877355258655	68.012375813634819	42.173047276464558	23.885534429599197	9.3054128126070772	4.6109540938677833	2.4997858855772739	1.3639088729016999	0.82969338814664717	0.41217026378899052	2.1760371282653068E-14	Layer 4	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	96.094496365524407	69.353063343717551	41.521287642782973	22.956386292834893	8.8151609553478742	4.2637590861889958	2.2959501557632418	1.2450674974039475	0.7684319833852562	0.40394600207684472	1.7763568394002505E-15	Lower Limit	37.5	19	13.2	4.75	2.36	0.42499999999999999	0.15	7.4999999999999997E-2	1E-3	100	65	45	15	9	2	0	0	0	Upper Limit	37.5	19	13.2	4.75	2.36	0.42499999999999999	0.15	7.4999999999999997E-2	1E-3	100	85	70	35	22	9	3	2	0	Pre Compaction	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	94.84303096012529	73.242259968678482	46.776051078183364	26.826165522226255	10.99192868329119	5.7072641850379675	3.1254065775207995	1.6099265148777437	0.90687868931455939	0.42741838332732901	1.8929302569858919E-14	Entire Specimen	37.5	19	9.5	4.75	2.36	1.18	0.6	0.3	0.15	7.4999999999999997E-2	1E-3	97.699114155182329	71.488957707000623	46.151836865912699	26.279728042878229	11.039027906497813	5.7056242480868109	3.1151497798574206	1.653895130239563	0.98831850227680529	0.50608939824341093	3.0975222387041867E-14	Sieve Size (mm)

Cumulative % Passing
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