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Abstract

Comparison of Moisture Density Relationship Tests in
Civil Engineering Materials

Introduction

Current Moisture Density Relationship (MDR) tests use a manual method of
compaction that is physically arduous and subject to some technical problems.
This project aims to use a vibratory method of compaction using an electric
jackhammer to address these problems.

Background

The MDR test is used to establish the Maximum Dry Density (MDD) and the
Optimum Moisture Content (OMC) of coherent constriction materials for
embankments, footings and pavements. This result is compared to the result of a
field density test to find the relative density for quality control of construction
projects.

Methodology

A 1240 W electric jackhammer with a flat compaction plate was to supply
compaction energy to the sample. The jackhammer was initially used hand held
to find the compaction characteristics of the jackhammer then an apparatus was
designed and built to hold the jackhammer during operation. Comparison was
made between the results from Queensland Main Roads test method Q110A and
the project results. Testing consisted of 4 test series exploring the relationships
between:

The time of compaction and maximum dry density.

The reciprocating mass of the electric jackhammer and maximum dry
density.

Standard deviation, spread of results, average maximum dry density and
optimum moisture content between the project method and test method
Q110A.

The performance of the project method as applied to different soil types.

Conclusions

The project results suggest that a vibratory method of compaction may be a
solution to some of the technical and ergonomic problems associated with
manual compaction methods. More tests are needed to validate the method.
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Comparison of Moisture Density Tests in Civil Engineering Materials

Chapter 1  Introduction

Moisture Density Relationship (MDR) testing is common practice in the quality
control of civil works. It is part of the broader range of materials property tests
that help engineers to plan, construct and maintain our infrastructure.

New technology has improved the way we collect, store and analyse data used in
civil engineering but this is a continuing process of improvement with some areas
being more amenable to development than others.

Materials testing has been improved by the use of new technologies, nuclear
gauges, load cells, and other innovations that have made the quality of results
higher and analysis of data more accurate and reliable.

Other aspects of materials testing have remained unchanged, either because
there is no need for change, or because no acceptable solutions have been
found.

The MDR test is an example of a method that has remained virtually unchanged
since its first usage in the early 1930’s (Burmister 1964). In this test the material
is compacted into moulds with a drop hammer that is manually operated. This
part of the test could be improved by the use of a mechanical means of
compaction. Work place health and safety, labour and accuracy may be
improved if a mechanical means of compaction be found.

The project trials a test method that .uses an electric jackhammer to supply the
mechanical compaction. The project test methodology is based on a British
Standards test BS 1377 but instead of the 600 Watt to 800 Watt machine used
in that method, this project uses a 1240 Watt electric jackhammer mounted on a
stand. This offers some advantages in time saving and measurement of the
volume of the compacted material. Refer to Appendix A for the BS 1377 method.

The standard Q110A/B (152 mm diameter mould, material passing the 37.5 mm
sieve) test is dirty, difficult and long. It is open to operator error and differences in
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results between operators for the single operator and is not very repeatable even
with the same operator and yet it is crucial to current practices of quality control.
(Refer to Appendix B for repeatability and reproducibility figures)

The reasons why this part of materials testing hasn®been improved include:

The current quality control system has become used to the method of
testing — the field test is compared to a lab test so any change in the lab test
may lead to differences in results.

A database of MDR results for different material types is compiled so a
discontinuity of testing methods may affect the usefulness of the database.

The test is portable — it can be used in small site labs because the
apparatus needed is relatively small and simple. Other mechanical
compaction methods use large pieces of equipment like the PAV-PAC
machine that aren’'t easily moved because of their size and the fact that
they need strong supports.

This project provides a comparison between the current method of density
testing and an alternative method using a jackhammer to do the compaction part
of the test.

The purpose of this project is to compare the results of Queensland Main Roads
test method Q110A/B for finding the MDR (using the 152 mm diameter mould
and standard 2.7 kg rammer) and an alternate MDR method using a 1240 Watt
electric jackhammer to supply vibratory compaction energy.

Between 1999 and 2004 | worked as a casual soil tester for RoadTek Consulting
Materials Testing Laboratories (a commercial wing of Queensland Main Roads)
in the Gympie area. By far the most common test | performed during this time
was the MDR test.

Main Roads policy is to conduct one-for-one testing for non homogenous
materials on road construction projects. This means that for every field density
test conducted, a corresponding laboratory MDR test is done. The only
exceptions to this policy are when an “assigned value” of Maximum Dry Density
(MDD) and Optimum Moisture Content (OMC) is used for a material that is
relatively homogenous in its properties. Homogenous materials are usually
sourced from quarries where quality control in the form of regular testing of
particle size distribution, liquid and plastic limits and apparent particle density are
undertaken, and the production of material is altered using these results to keep
the material within predefined limits of particle size distribution, plastic index and
particle shape and strength. To find an assigned value for a material six MDR
tests are done on representative samples of the material and an average of
these results is used as the assigned values for MDD and OMC. This testing is
undertaken by the laboratory that wants to use the assigned values for
comparison to their field density tests.
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Where materials are sourced from the spoil from cuttings and temporary pits, the
material properties can vary widely, so one-for-one testing comparing each field
density test to a laboratory MDR test is required. A typical construction lot of 8
field density tests and 8 MDR tests are needed to check the relative density of a
construction lot of between 100 mm and 300 mm in layer depth and of a length
ranging from 50 m to 200m. For an embankment with a finished height of 3m
being compacted in layers of 200 mm thickness, 15 lots of 8 tests totalling 120
tests are required. If scrapers and other large earthmoving equipment are used in
the haulage and placement of material, several layers can be placed and
compacted in a day, requiring immediate field density testing and MDR results to
be reported the next day. This places enormous pressure on soil testers to
deliver results so that subsequent layers can be placed in the knowledge that the
lower layers meet the contractual requirements for relative density.

As outlined on Chapter 3 of this dissertation, the MDR test is very labour
intensive, so soil testers work for long periods solely on MDR testing, trying to
keep up with construction processes. Having first hand experience of this intense
MDR testing on large construction projects | found a need for some means of
improving the test method.

The scope of the project is as follows:
Research the theory and methodology of current MDR testing methods,
especially pertaining to the compaction part of the test.
Devise a new method using the data found during research into current
MDR testing methods.
Conduct preliminary testing of the new method to find the compaction
characteristics of the new compaction device.
Plan and construct an apparatus to hold electric jackhammer.
Conduct tests using the new method and apparatus on a range of soil
types.

Budgetary constraints limit the project to testing one type of jackhammer. A
Hitachi H655B electric demolition hammer was available from the Gympie
RoadTek lab. The Gympie lab was available for work only on weekends if no
other work was being done at that time.

The materials to modify the jackhammer compaction plate and build the stand to
hold the jackhammer were restricted to $300. This is because of limited funds.
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Chapter 2  Background

2.1 Reasons for Moisture Density Relationship test.

Increased density is associated with increased shear strength, lower
compressibility reduced volume change and lower permeability (Craig R F,
1997), these are properties desirable for strong durable pavements and
foundations. Monitoring of density during construction is essential to ensure the
high quality and long life of civil works

Materials sourced from quarries producing homogenous materials have their
maximum dry density found by a set of lab density tests that

Where materials are relatively homogenous in nature, for example quarry
produced materials, a set of lab density tests is used to find the density at which
the material should be compacted in the field. Once this density figure is known,
only field tests are needed to monitor the density as the material is placed and
compacted.

When embankments are built from material gained from cuttings or grab pits on
site, the properties of the materials can vary widely. Some of the properties that
affect the density of materials are:

Apparent particle density —the specific gravity of the solids in a sample.

Particle size distribution — the range of particle sizes and their relative
proportions.

Particle shape, - flakiness, and roundness - this property affects surface
area, strength and the structural characteristics of the compacted layer.

Behaviour in the presence of water — swell, plasticity, liquid limit and
permeability.

Structure — the spatial relationships between elements of the soil.
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In situations where properties of the materials vary, lab tests are done side by
side with field tests, with the field test density being expressed as a percentage
of the maximum dry density found in the MDR test.

Variations in these material properties mean that no one standard of density can
be applied to all materials used in civil construction. For example it would be
impossible to compact clay with an apparent particle density (specific gravity) of
1.6 tonne/m? to the same density as a Type 2.1 quarry produced gravel with an
apparent particle density of 2.6 tonne/m>.

2.2 History and Theory

In the 1930’s R. R. Proctor is reported to have first developed the method for
guantifying the relationship between soil density, water content, soil type and
compaction energy. This was used to control the density of earthworks by
applying scientific principals to soil compaction processes. (Burmister 1964).
Many soil properties important to the improvement of engineering characteristics
are affected by mechanical compaction. Field density is used to indirectly check
the effectiveness of the compaction process employed.

Moisture content is also important to the compaction process with the effect of
moisture content being dependant on both the macro and micro elements of the
soil. Fine grained soils being generally more sensitive to moisture content than
course soils.

The Proctor tests; the standard test using the 2.7 kg rammer and the modified
test using the heavier 4.51 kg rammer represent two basic levels of strength, one
resulting from light compaction and one from heavy compaction but the tests
don't define the material in terms of specific strength parameters. For practical
reasons the control of compaction uses relative compaction, by the use of the
ratio of field dry density to laboratory maximum dry density. One of the
advantages of this method is that field dry density as a soil property is
independent of moisture content, although moisture content is crucial to the
density achieved by the compaction process. Strength is dependent for a
particular soil on both density as related to the degree of packing and moisture
content as related to pore water pressure. As a consequence, compaction
practices and specifications have used relative compaction and associated field
density testing to control construction practices.
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A generalised sequence of events that occur with compaction is as follows:

The soll is initially at 60%-80% of its MDD before any compaction occurs.
Energy is transferred to the surface of the material by means of a vibrating
or pad foot roller, or in the laboratory, a hand rammer or similar vibrating or
mechanical device that supplies the compactive energy.

Friction between the soil grains, electro-chemical bonds, the existing
structure of the soil and the work done in relocating the particles absorbs
the energy of compaction, decreasing the volume of the voids between the
soil grains.

Initially the increase in density with increased compaction energy is rapid
but as compaction proceeds less gains in density are achieved per unit of
energy. The increase in density is not linear with the relationship being
dependant on the physical and chemical properties and moisture content of
each particular soil. A representation of this effect is shown below

Figure 1
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Graph of the increase of compaction as a percent of MDD and the energy of
compaction (number of blows)
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The effect of compacting material at a specific energy per volume and increasing
the moisture content is as follows:

As the moisture content is increased, the friction between the contacting
particles decreases as the water acts as a lubricant. The cohesive
component of the soil, the clay and silt, become less viscous as they
progress down the scale of plasticity towards the liquid limit. This allows
more of the energy of compaction to be used in relocating the particles
closer together and decreasing the volume of the air voids.

The air voids decrease in volume as they fill with water until they cannot
absorb more water without increasing in volume. In the case of a gap
graded material with large strong particles, mechanical interlock can
prevent any further compaction even before the voids are filled with water.
At this energy level no further increases in density can be achieved by
increasing moisture content. At a moisture content slightly less than OMC,
some air is trapped within the voids as indicated on Figure 2 referred to as
the zero pore pressure condition.

Figure 2
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At moisture contents greater than OMC, the voids contain enough water to
have pore pressure (A. Sakaguchi, 2005) which resists the energy of
compaction and keeps the volume of the voids larger than at OMC. Air is
also trapped within the voids of highly cohesive materials like clays before
and after OMC. This effect is observed when approaching OMC with a clay
material. Compaction causes the surface of the sample to bounce as the air
trapped in the voids reacts elastically to the decrease in void volume,
momentarily compressing, then expanding as the air pressure forces the
soil grains apart. Compaction also causes a dent in the vicinity of the
rammer foot and a corresponding rise in the areas away from the foot. The
energy is being used in moving the soil without increasing the density.

The effect of increased energy of compaction is shown in Figure 3 with a
4.5 kg rammer producing a higher density at lower moisture content than a
2.5 kg rammer. The line of the MDD’s produced by different compaction
energies is roughly parallel to the void lines.

Figure 3
23
Air content
10% 5% 0%
22
/Saturation line
2.1+
4.5kg rammer

Density 2.01
[tonne/m?]

2.5kg rammer

1.8

1.6 . L ] . !
P2 4 B SEE10me 2SN 8500

Moisture Content [%)]

Graph showing the effect of increased compaction energy on the MDD and
OMC. Source: Soil Mechanics, R F Craig 1997
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2.3 Other methods

2.3.1 PAV-PAC Machine

There have been other attempts to mechanise the compaction part of the test,
one of which is the PAV-PAC machine. This machine is an air driven device that
attempts to replicate the compaction of material as done by a person using a
manual rammer. The machine lifts and drops a rammer with a circular or
crescent shaped head of the same mass and drop height as the manual
rammer. The blows are evenly placed over the surface of the material by a
circular movement of the lift-drop device between blows.

The advantages of the PAV-PAC method,

The operator is replaced for the compaction part of the test freeing the
operator to prepare the next moisture increment or sample.

Workplace health and safety is improved by removal of the operator from
the repetitive lifting and dropping of the manual compaction rammer.

A more exact amount of energy may be imparted to the sample using a
machine than a human operator to compact the sample and
inconsistencies between operators are removed.

By using the same method of compaction as the hand rammer method, the
database of previous tests using the hand rammer and the tests using the
PAV-PAC is continuous. In other words the two tests should be
comparable.

The disadvantages of the PAV-PAC method:

The PAV-PAC machine is large, heavy and complex, needing semi-
permanent installation.

It is not suited to use in small site laboratories where much of the
compliance and quality control testing takes place.

The method only replaces the compaction part of the test. Other
undesirable aspects of the test are unaltered. These aspects will be further
explored elsewhere in this dissertation.

The method is not accepted in all States. ( Melbourne Conference
reference)

There are two Pav-PAC machines installed in South East Qld — neither of
these machines are currently in use because of problems in calibration.

Some examples of automatic compaction devices currently available are shown
in Plate 1
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Plate 1.

MODELS

_ DESCRIPTION STANDARDS

110V / 60 Hz
AUTOMATIC SOIL COMPACTOR

ASTM D-558, D-559, D-560

220V o0z D-698, D-1557, D-1558

; $3361
$3362
$3391

$3392

AASHTO T-99, T-134, T-135

40/ 60 He T-136, 7-180

CALIFORNIA SOIL COMPACTOR
FOR 4" & 6"

220V / 50 Hz

Model No.

Condition
Rammer

Dropping
heightl

Number of
times

Speed

Automatic
compaction
pattern

Dimensions
Weight

$3363 i ] CAIBATION KIT W/ DIAL & 50 LEAD CYLINDERS
S3364 MOLD, PLAIN, 4"

$3365 MOLD, SPLIT, 4"

$3366 MOLD, PLAIN, 6"

S3367 MOLD, SPLIT, 6"

S3368 ROUND HAMMER

S3369 PIE-SHAPED HAMMER

Suitable Mould

Electric Power

Standard type DAA-102
(Conforms to JIS A 1210T)

Dia.50mm, Interchangeable of 2.5kgf & 4.5kgf
30cm and 45cm, 2-steps change

Automatic stop by optional automatic counter
preset

35times/min.

1time center compaction after 8 times
circular side compaction by table rotation and
shift to the center.

2 kinds: For Dia.10cm & Dia.15¢cm
AC200V, 3 phase, 0.4kw
W40xD70xH215¢cm

Approx. 150kg

* Large type Model No. DAA-104A and DAA-104B are available.

Commercially available automatic compaction devices. The standards that these
devices are compliant with are not accepted standards in Queensland.

2.3.2 Vibratory Compaction

Another mechanised method used is a vibratory compaction method (CRB,
1976). It uses an electric jackhammer with a circular flat plate attachment slightly
smaller than the inside diameter of the mould as the source of compaction
energy. This method is based on the British Standard method BS1377 : 1967
and was used by the Country Roads Board of Victoria. See Appendix B for the

full method.

10
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Plate 2

In test method CRB 315.03 the operator holds the jackhammer for the duration
of the compaction (2 min. 5 s). Eight measurements from a straight edge to the
surface of the sample are needed to find the average layer height. Source:
Country Roads Board Victoria, 1976, Manual of Testing Procedures,

Advantages of vibratory compaction:

Workplace health and safety is improved by removal of the operator from
the repetitive lifting and dropping of the manual compaction rammer.

An even surface is produced within the mould, facilitating the
measurement of the layer height and therefore the calculation of the mass

11
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of the material for the next layer. This aspect is covered in more detail in
Chapter 4.

Trimming and surface correction is not necessary because the method
produces a mould that is full to within 2 mm of the top of the mould. This
aspect is also more fully covered in Chapter 4.

The method is easily transportable because the apparatus is small.
Disadvantages of vibratory compaction:

Vibratory compaction can only calibrated to a limited and obsolete range of
vibratory hammers (Spies R E, 1982): Other models of vibrating hammers
may be used but:

"Their performance would have to be thoroughly investigated beforehand..."
(CRB, 1976)
Danger of electrocution or injury from dropping the jackhammer.

Danger of hearing damage because of the loud noise of the jackhammer.

2.3.3 One point Rapid Compaction

This method uses a family of curves found from previous testing. (Figure 4) A
minimum of 5 samples of reasonably homogenous material are sampled. Each
sample is tested using the standard MDR method with 3 points of each test on
the dry side of OMC. The resulting 5 curves should be roughly evenly spaced
between the maximum MDD and the minimum MDD and then plotted on the
same axes. A line of best fit is computed through the line of peaks of the curve
and the sections of the curves on the dry side of OMC idealised to make them
approximately parallel.

When subsequent MDR tests are required on a sample of the same material as
the family of curves, only one sample is compacted. The dry density and
moisture content for the test is plotted on the family of curves and a curve
interpolated from which the MDD and OMC is read off.

See Appendix C for the method.

12
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Figure 4
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One point rapid compaction method. A family of curves is used to interpolate a
curve through the single point
The advantages of this method are:

The test is faster and uses less operator effort because only one
compaction is needed.

A database of families of curves could be compiled so known materials
would only require single point compaction.

The disadvantages are:

The method is only able to be used in situations where the material is
reasonably homogenous.

The compaction part of the method remains the same. This method only
addresses the analysis of the results, not the way the compaction is done.

Refer to Appendix XXX for the full test method.

2.3.4 Static compaction
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Static compaction of samples using a modified Californian Bearing Ratio
penetration machine has been tried by the Cooloola Shire laboratory in a
research project. The Californian Bearing Ratio (CBR) machine imparts a force
at a constant rate of deformation to the material. The load is imparted by a flat
plate being driven by the penetration plunger of the machine and is read by
calibrated force rings acting on a dial gauge. The results are in the form of
stress-strain diagrams.

The advantages of the static compaction method:
Mechanised compaction improves workplace health and safety.

An even surface able to be accurately measured is produced by the flat
plate.

CBR machines are installed in most labs.
The disadvantages of this method:

This is an unproven method. The tests undertaken by the Cooloola lab
were inconclusive. The stress strain diagrams produced by this method
did not allow interpretation to find the MDR.

It was noted during testing that the material closest to the compaction
plate was more compacted than material further away. This was
particularly noticeable in course materials where the rock closest to the
compaction plate was crushed but other material was not. With the 2.7
kg manual rammer this occurs to a lesser degree. This result is important
because subsequent tests like the unconfined compressive strength test
uses material compacted into moulds in the same way as the MDR test.
Differences in the distribution of density within the sample would affect
the results of subsequent tests.

2.3.5 Other tests that measure compaction indirectly:

The Clegg Test — An accelerometer attached to a weight is dropped onto
the test surface.

14
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Plate 3

Clegg soil impact tester.

The Clegg soil impact tester uses an accelerometer to supply data to calculate
the Clegg impact value used to calculate the MDD and OMC as shown in Figure
2.

Another method of indirectly testing for compaction is the Loadman, it consists of
a closed, 1170 mm long aluminium tube of 132 mm diameter. The tube contains
a free moving 10 kg steel weight suspended by an electro-magnet. The controls,
electronics and electro-magnet to hold the weight up are positioned at the top of
the tube, as shown in Figure XXX.

To operate the device, it is first tilted so that the free moving weight slides down
to and contacts the magnet. The device is operated by placing its base on the
surface of the pavement or subgrade layers, and when a button is pressed, the
weight is released and drops onto the base plate. An accelerometer measures
the vertical acceleration caused by the dropped weight.

Electronics inside the device translate the acceleration into displacement, and
since there is a known load, a modulus value can be found using the following
formula derived from Boussinesq’s theory. (Pidwerbesky B.1997):
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D= 1.5(% )

where D =deflection
p =unitload on plate
a =radius of base plate
E = modulus of elasticity

Figure 5

Plastic Cover with Display——

Electronics ————____
Batteries

Rubber Mounting

Electro-magnet———
Falling weight
Rubber Cushion

Aluminium Cylinder ——

Bottom Plate

Diagram of the layout of the Loadman impact testing device.

During comparative testing the rut depth of a test pavement was compared to
the non destructive tests and the correlation between them calculated.

Table 1

Non destructive test Correlation
Loadman 0.425
Falling weight deflectometer 0.284
Nuclear density meter 0.176
Clegg impact hammer 0.084
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Table of correlations between non-destructive test methods and rut depth.
(Pidwerbesky B.1997)

The modulus of elasticity, maximum deflection, ratio of subsequent
measurements to the initial measurement, and loading impulse time are
displayed on a LCD. The electronics can be re-programmed for different base
diameters and is operated by one person, taking approximately 1 minute per test.
Loadman has been adopted by research organizations and road authorities in
some parts of the world.
Nuclear gauges have been adopted widely for the rapid determination of field
density and moisture content from which a dry density is calculated using a
correction factor determined by calibration of a material type with a set MDR
tests. They are non destructive to the surface needing only a small diameter hole
to be spiked or drilled into the surface so that the probe can be inserted. The
probe contains a fragment of radioactive material the rays from which are
detected by a sensor in the body of the gauge. Denser materials allow less of the
radioactive rays to reach the sensor, so the density can be calculated from the
number of counts that the sensor receives. The gauge also has a radiation
emitter and sensor in the base plate of the gauge to measure the moisture
content. The probe is set to a depth slightly less than the depth of the layer to be
tested and the gauge is run for a set time with both sensors counting. The wet
and dry density and moisture content are displayed and can be recorded and
downloaded to a computer for analysis. If the gauge has been calibrated for the
material being tested the relative compaction of the site can be immediately
reported.

Plate 4

Nuclear moisture/density gauge.
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Chapter 3. The Current Method

3.1 Test Method

The Queensland Department of Main Roads test method No. Q110A is used as
the standard to which the project method is compared. Q110A is based on
Australian Standards test AS 1289.5.1.1-1993, and only differs in the coarseness
of the soil that can be tested in the two different sized moulds. The full method is
included in Appendix D.

3.1.1 Scope

The test can only be conducted on the material passing a 32.5 mm sieve in the
152 mm diameter mould. If all the soil passes the 19 mm sieve it can be tested in
a 105 mm diameter mould.

3.1.2 Apparatus :

Metal moulds. 105 mm or 152 mm diameter cylindrical steel with a
detachable baseplate and collar.

Steel rammer with a mass of 2.7 kg with a 300 mm drop and either a
round foot of 50 mm diameter or sector shaped foot of 74 mm radius.

A rigid foundation on which to compact the material

A balance capable of a maximum of 20 kg with a tolerance of 5g.

19.0 mm and 32.5 mm sieves.

A bevel edged straightedge for levelling the sample.

Miscellaneous mixing tools.

Oven with a temperature range of 100°C to 110°C for the drying of the
moisture samples.
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3.1.3 Procedure

The sample is screened on the 37.5 mm sieve and soil lumps are broken
down and the sample made into a free flowing state. If greater than 70%
of the sample is retained on the 37.5 mm sieve, the sample is not testable
by this method. Percentages of retained 37.5 mm of 70% and less can be
tested in the 152 mm diameter mould. For samples with all the material
passing the 19 mm sieve, the test can be done in the 105 mm diameter
mould.
Four or more representative samples are split from the soil passing the
32.5 mm sieve.
Each sample is altered in moisture content, by drying or adding more
moisture such that there are two portions either side of optimum moisture
content
The soil samples are cured to allow the moisture to penetrate evenly
throughout the sample.
The mould and base plate are weighed and the mass recorded as M,. The
volume of the mould is known from a previous calibration.
Compact the sample in three layers:

0 In the 105 mm mould with 25 blows per layer if the sample doesn’t

contain any particles over 19.0 mm
0 Inthe 152 mm mould with 60 blows per layer if the sample contains
less than 70% retained on the 32.5 mm sieve

Trim the top of the sample so as to completely fill the mould. With fine
materials small holes can be repaired using small sized material. With
courser materials a balance is sought between stones standing above the
top of the mould and hollows in the surface.
Weigh the sample, mould and baseplate and record as M;.
Obtain a moisture sample from the compacted soil for moisture content
testing
Each sample is compacted in the same way and the estimated dry density
and estimated moisture content plotted to find if optimum moisture content
has been straddled. Estimated dry density is calculated using estimated
moisture content depending on the mass of moisture added or the mass of
water extracted during drying.
When the moisture samples taken from each moisture increment are dry,
the actual dry density and the moisture content are calculated.
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3.1.4 Calculations

The dry density results are calculated using:

M,- M,., 100
l oy = 2
oRY Y% 100 + w @)
where I ory = dry density [tonne/m®]
M, =mass of soiland mould [g]
M, =mass of mould [g]
w = moisture content [%]
The moisture content results are calculated using:
W= My - My . 100 3)
M W
where w = moisture content [%]

M,, =mass of wet soil [g]
M, =mass of dry soil [g]

is plotted against for as many points as needed to plot 2 points either side of
maximum dry density.
The dry density and moisture content points for each moisture increment of test
method Q110A are plotted on graph paper and a smooth line is interpolated
between the points by hand, using a flexible plastic spline or using French
curves. To some extent the position of the MDD and OMC are determined by the
interpolation method used and the judgement of the operator. These hand
interpolation methods are open to diverse results from the same test data.
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Figure 6
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Each moisture increment of test method Q110A is plotted on graph paper and a
smooth line is hand interpolated between the points.

3.2 Uses for the method

The main uses for the MDR test method are in quality control of civil engineering
works. The results from a field density test are compared to the results of a MDR
test to monitor the effectiveness of construction practices. Field density is
determined by a nuclear gauge or sand replacement test and the result is
compared to the result of a MDR test performed on the same material.

The Californian Bearing Ratio (CBR) test and the Unconfined Compressive
Strength (UCS) test are done on samples prepared by compaction at or near
MDD and OMC by the Q110A test method. In the case of the CBR the sample is
left in the mould and the load to penetrate the sample at a constant rate is
measured. The UCS test uses samples that have been extruded from the moulds
in a compression load testing machine.
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3.3 Analysis of results

As each moisture increment is weighed after compaction, an estimated dry
density point is plotted on a graph. The density uses theoretical moisture content
because the actual moisture content is not known until the moisture test is
complete. The moisture content used is relative to the moisture of the sample
before the addition or subtraction (by drying) of water. For example; if 2% of
water by mass is added to a sample at its field moisture content, the figure of 2%
is used in the calculation of the estimated dry density.

When enough points have been plotted to plac 2 points either side of a maximum
dry density, the results of the MDR are input to a software program for analysis.
The Queensland Main roads software only plots the data points and doesn’t
interpolate between them, though other proprietary software uses parabolic or
cubic spline interpolation. In the absence of cubic spline or other interpolation,
French curves or hand interpolation is used. The maximum value of the curve
denotes the optimum moisture content and maximum dry density of the sample.
The field density result from the sand replacement or nuclear gauge test is
compared to the maximum dry density of the MDR test to find the relative
percentage of compaction. This is the result that is reported to the quality control
monitor on the construction project.

3.4 Problems with the method

3.4.1 Workplace Health and Safety

Fatigue and injury result from the repetitive motion of manually compacting
material. It is common for soil testers in South East Queensland compact 6 large
(152 mm) mould tests or 8 small (100 mm) mould tests, equating to 800 to 1080
blows per day. In extremely urgent work where results are needed so that the
next stage of construction can be done, as many as 8 large mould tests or 10
small mould tests are done consecutively.

The action of lifting and dropping the rammer is usually done with one hand only,
so the effort is localised to one arm, but the back and neck are also used to
balance the operator. The whole arm is used in lifting and dropping the rammer
so any of the parts of the arm; the hand, wrist, elbow and shoulder are used in a
regular and repetitive motion so as to impart a consistent energy to the sample
surface. The nature of the test requires regularity but this leads to the same
posture and movement of the arm being adopted for each test. This is not an
issue of strength; any reasonably active person can perform the test, but the
repeated strain to the arm after long periods of use can produce soreness and
swelling to joints that were previously healthy. The only data | have to back these
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assertions up is observation, personal experience and knowledge of other soil
testers.

Given the advances we have seen in other aspects of engineering, this test
should be improved by the replacement of physical labour with a mechanised
method of compaction. This would improve workplace health and safety.

3.4.2 Accuracy and Repeatability

Different users of the test compact the material in different ways. Some don’t
release the handle of the rammer as it falls, but keep their hand in contact so that
they don't have to re-grasp the handle at the bottom of the drop. | have observed
soil testers propelling the handle downwards and imparting extra energy to the
blows to speed the test up. This causes a higher density than the density from
tests performed with the correct compaction energy.

It is easy to lose count of the number of blows that have been imparted to the
sample. A distraction or interruption can cause a loss of concentration and the
count is lost.

It is difficult to judge the mass of material needed to create three equal layers of
material so as to fill a mould to the top with the Q110A method. In order to
calculate the mass of material for each layer, an accurate measure of the height
of the sample must be known, but because of the uneven surface left by the 50
mm rammer, this is only an estimate.

Samples need levelling after compaction of the third layer so as to completely fill
the mould. This is because the volume used in the calculation of density is from
the calibrated full volume of the mould. With fine grained materials it is relatively
easy to trim the sample so as to produce a flat and even surface but with
samples containing course patrticles, protruding stones are torn from the surface
by the action of the levelling screed (Plate 5). These holes are repaired with
smaller particles. These smaller particles may not be the same density as the
particles they replace.

Usually the mould is slightly overfilled so the energy per volume is actually less
than that specified.

These factors taken singly or in conjunction produce errors in the accuracy and
repeatability of the Q110A method.
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Plate 5

+,

f a course material with the Q110A

La?ge particles being torn from the surface
method.
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Chapter 4. Design of new Method

4.1 Objectives

Improve workplace Health and Safety. By replacing the manual
compaction part of the test with a mechanical or automatic method the risk
of repetitive strain injuries due to the manual lifting and dropping of the
rammer would be avoided.

Accuracy and repeatability of the test could be improved if the operator is
removed from the responsibility of ensuring that the correct number of
blows are placed evenly over the sample surface.

Save labour by replacing the task of manually compacting the sample with
a mechanical method.

4.2 Options

The options for a method to be trialled in this project are:
- Automatic soil compactor of the PAV-PAC type or other commercially
available machine to compact samples.
Vibratory compaction by the use of a jackhammer.
Static compaction using a Californian Bearing Ration penetration machine
or unconfined compressive strength machine.
One point rapid compaction using family of curves

4.3 Choice of option

As outlined in Chapter 2.3.1 the available automatic soil compaction machines in
south east Queensland are located at the Toowoomba RoadTek laboratory and
the Herston Main Roads laboratory, too far distant to be of use to the project.
These are also large devices not able to be easily moved so therefore
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unavailable for use in this project. Other smaller compaction devices as shown in
Plate 1 have not been found in the region and are beyond the budget of this
project to purchase.

Vibratory compaction using an electric jackhammer has been used by other road
authorities and addresses some of the problems stated in Chapter 3.4.

Static Compaction also addresses problems with Q110A but the method of
compaction is not dynamic and doesn’t emulate the type of compaction carried
out in construction using vibrating rollers.

One point rapid compaction relies on a family of curves or data base of results for
a homogenous soil. This precludes its use in soils that vary widely in their
properties.

For these reasons and those outlined in Chapter 2.3.1 to 2.3.4 the vibratory
method of compaction was chosen.

4.4 Risk Assessment

Use of an electric jackhammer has some risks associated with it as tabled below.
Table 2

Risk Severity (1-5) | Mitigation strategy

Electrocution 5 Ensure that the device has been
safety checked by a qualified
electrician and that the power cord
and plug are in good condition.
Avoid contact with water by using
the machine under cover and away
from water sources.

Injury by dropping the |3 Keep the work area clear of

jackhammer on self or obstacles when carrying the

others jackhammer to avoid tripping.

Injury from lifting the | 3 Use safe lifting practices by

jackhammer maintaining a straight back when
lifting.

Injury from jackhammer | 3 Keep hands and feet clear of the

operation compaction foot of the jackhammer.

Hearing damage from the | 2 Use earplugs during operation and

noise of the jackhammer ensure that others are away from
the area or also wearing ear
protection

Table key: 1 = minor severity, 5 = major severity
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4.7 Consequential effects

Use of the project method, may have the effect of:
Decreasing the amount of physical labour needed to do the test.
Require that laboratories using the method have a suitable electric
jackhammer and stand calibrated to a standard.
The method would have to be documented as to apparatus, method, scope,
calculation and interpretation of results.
Operators would have to be trained to use the new method.
Subsequent tests like the Californian Bearing Ratio and The Unconfined
Compressive Strength test may not be suitably prepared by the vibratory
method because of possible differences in the compaction profile of the
samples.

While the project method decreases the time and labour needed to perform the
test, it is not anticipated that a decrease in the number of soil testers would
result. This is because the project method only replaces the compaction part of
the test leaving the rest largely unchanged.

The calculation of the mass per layer is needed for the project method. To avoid
tedious and possibly error prone calculations, a programmable calculator was
used to do this in the project. The provision of a similar way of quickly and
accurately finding the layer mass would have to be provided to operators.
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Chapter 5.  Preferred solution

5.1 Project method
5.1.1 Project scheme

The project scheme is as follows:

Conduct preliminary testing using the jackhammer hand-held to find the

compaction characteristics of the jackhammer. This consists of:

0 One Q110A/B test and a series of project method tests to find the
relationship between the time of operation of the jackhammer and the
density achieved.

0O One Q110A/B test and a series of project method tests to find the
relationship between the reciprocating mass of the jackhammer and
density.

0 A series of Q110A tests and a series of project method tests conducted
on the same material to compare the statistics of the two methods.

Using the data gathered in the previous tests design and build a stand to

hold the jackhammer during operation.

Test the jackhammer and stand on a range of common material types.

Conduct patrticle size distribution, liquid limit and plasticity tests to classify

the soils used.

5.1.2 Choice of jackhammer and mould size

There were two choices for the type of jackhammer used in the project; a 600
Watt or 1240 Watt machine both being available from laboratories in the Gympie
area. After research into the BS 1377 method it was found that the smaller
capacity jackhammer had a time of operation per layer of 2.0 min. 5 s. This is
longer than the time it takes to compact using the hand rammer (50-60 s. per
layer) so in the interests of shortening the time taken to do the test the 1240 Watt
jackhammer was chosen.

Modification of the compaction plate of the jackhammer is needed to provide a
plate that fits within the mould. Since there are a choice of two mould sizes; the
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152 mm diameter and the 105 mm diameter, a choice had to made for the size of
compaction plate used as the modification of two compact plates would be cost
prohibitive. The test using the 152 mm mould is the most labour intensive
needing 60 blows per layer as apposed to 25 blows per layer for the 105 mm
mould, so the plate was modified (by oxy-acetylene and grinding) to a 148 mm
diameter to fit the 152mm mould.

The CRB 315.03 method provides a set of formulae for calculation of the mass of
each layer to be compacted. These formulae were adopted for use in the project
and are as follows:

5.1.3 Calculation of mass per layer

For the first layer the density of the sample is estimated or known from previous
tests

For the first layer :
Mass Of layer1: M, = r?w (4)

where M, =mass of layer 1[g]
r,, = estimated wet density [tonne/m°]

For the secondlayer :
Mass of layer 2: M, = % (ghM - h) (5)

where M, =mass of layer 2[g]
M, = mass of layer 1[g]
h, = height of layer 1[mm]
h,, = total height of mould [mm]

For the third layer :
M, +M,
h,

where M, =mass of layer 3[g]

M, = mass of layer 1[g]

M, = mass of layer 1[q]

h,, = total height of mould [mm]

h, = height of layer 2 [mm]

Mass of layer 3: M, = " (hy - ) (6)
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These formulae have the effect of adjusting each subsequent layer mass using
the height and mass of the previous layer so as to produce a full mould.

When the third layer is compacted and the full mould and soil mass known, a
moisture sample is taken and tested by drying in a 100° - 110°C oven.

When the moisture content is known the dry density for each point is calculated
using:

Ah, 1+w @

where M,,,s =mass of mouldand soil [g]
M,, =mass of mould [g]
A = area of mould = Vqum? [mm?]
mould height
h, = height of layer 3 [mm]
w = moisture content

This equation differs from equation 2 only in the use of Ahs instead of V for the
volume of the sample. With a stand to ensure that the jackhammer is held
vertically, accurate and simple measurement of the layer height is able to be
used t60 find the volume. The use of the flat compaction plate produced a much
flatter surface (Plate 6) than the Q110A method so that no screeding is needed
to produce a full mould of known volume.

Plates 6 & 7

A sample compacted using the project method with a flat plate on the left and
compacted using a hand rammer on the right. The filter paper is to stop the
compaction plate sticking to the sample

5.1.4 Graphing of results

Interpolation between the data points found from the MDR test is usually done by
hand or using software. A MATLAB script using a cubic spline interpolation was
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used for both the project results and the Q110A/B results so as to give a fair and
unbiased comparison between the two methods. The MATLAB script used to plot
the graphs, find the MDD and OMC and store the raw data from the tests is in
Appendix E.

5.1.5 Calculation of the time of operation

Having no data from the manufacturer as to the output power of the jackhammer,
a calculation of the time of operation per layer was needed as a starting point in
testing. The jackhammer is rated at 1400 blows per min.(23 blows/s) with the
reciprocating mass lifting and dropping approximately 25mm each blow, so using
these parameters and the energy input from the hand rammer a time of operation
was found using the following calculations:

P= 8)

so t=

o|lm ~|m

For the handrammer :
E=n"mgh=60" 27" 9.8" 0.3=476J/layer (9)
For the jackhammer :

p= ? mgh=23" 23" 9.8” 0.025=130W  (10)

So the time of operation is:

476 =3.7 s /layer
130

where E =energy (J)
P =power (W)
n =number of blows
m=reciprocating mass (kg)
h =height of drop (m)
t =time of operation(s)

The time of operation of 4 s was adopted as an approximate starting point for the
calibration of the jackhammer.
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5.2 Design of prototype apparatus to hold the jackhammer

An apparatus to hold the jackhammer during compaction and ensure that the
compaction plate was held horizontally was needed. This would simplify the
measurement of the height of the sample to one measurement instead of the
eight measurements needed for the CRB 315.03 test and free the operator from
holding the jackhammer. The apparatus includes:

- An attachment to clamp onto the body of the jackhammer and provide a

surcharge of weight to ensure that each blow of the jackhammer contacts
the surface of the sample. If no surcharge is attached and the jackhammer
compacts under its own weight only, there is a tendency for the machine to
jump and miss blows, to discharge its blows while in mid air. This could
affect the rate of energy transferred to the sample.
A means of allowing up and down movement in the z axis but not allow
angular rotation in the x and y axes so that the jackhammer remains
vertical. Rotation around the z axis is needed to swing the jackhammer out
of the way so that the mould could be filled with soil. A bush cast vertically
in the clamping attachment and a vertical post cast into the compaction
block provide this ability.

Figure 7

I Compaction plate
movement

—

X
<

Movement of the jackhammer is to be restricted to the z axis

A compaction block to provide a strong surface to support the compaction
mould and jackhammer. It is to have location guides in the form of L section
fixed to the top of the block to position the compaction mould. Handles to
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allow two people to move the block and a rest so that the jackhammer can
be lifted out of the mould and rotated onto a rest slightly higher than the
height of the mould and collar.

Plans for the attachment and compaction block were drawn and are included in
A3 size in Appendix F

Moulds for casting the attachment and the block were made of particle board,
cylindrical and conical containers (flower pots and paint containers), plywood and
fixed together using silicon and screws as shown in Plates 8 & 9. Table 3 lists the
materials used in making the moulds and castings for the stand.

Figure 8
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Plate 8

Mould for casting of the attachment to be clamped to the jackhammer body.

Plate 9

The mould for casting the compaction block was made of plywood and particle
board.
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The materials used for making the moulds and castings are listed in Table 3

below:

Table 3

Material Use Amount

Premixed concrete Attachment and compaction 60 kg
block castings

12 mm deformed Reinforcing and handles for 1.6m

reinforcing bar the compaction block

12 mm threaded rod Fastening for ‘C’ clamp and 450 mm
reinforcing for attachment

25 mm OD steel pipe | Post for attachment to slide on | 1.7 m
and rest post for filling the
mould

32 mm OD steel pipe | Bush to slide on post 300 mm

3 mm by 18 mm steel | ‘C’ clamp and location clamp | 220 mm

plate for attachment

Epoxy resin Bedding for connection Approx. 50 g
between the attachment to the
jackhammer body

Cylindrical and conical | Moulds for casting curved n/a

containers inside and outside surfaces

16 mm Particle board | Compaction block mould 0.7 m*

8 mm plywood Bases for attachment and 0.5 m?

compaction block moulds

When the concrete had cured for two weeks under wet cloth, the parts were
taken from their moulds and allowed to dry. The concrete had to be dry enough
to allow adhesion of the epoxy resin used as bedding between the concrete
casting and the jackhammer body. This was needed to ensure an exact fit to
jackhammer body and that the attachment bush runs parallel to the impact shaft

of the jackhammer.

Plates 10, 11 and 12 show the assembled jackhammer.
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Plate 10

End view of the assembled stand and jackhammer.

Plate 11

Side view of asserﬁbled stian and jackhammer.

37



Comparison of Moisture Density Tests in Civil Engineering Materials

Plate 12

b=k

-.lﬂ'v “"‘f:"?':

The jackhammer in the rest position for filling the mould

The measurement of the height of each layer was done by the measurement of
the height (Figure 13 below) from the compaction plate to a mark on the
jackhammer attachment when the mould is empty and after the compaction of
each layer. Using equations 4, 5 and 6 the mass of each layer could be

calculated.

Plate 13

AR B DD S10 2 T30 240 450 o

Measurement of the heghf of the layer from the compaction block to a mark on

the jackhammer attachment.
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5.3 Project results
5.3.1 Series 1

The first test series were done using a Hitachi H 65SB electric demolition
hammer. This was used hand-held to find the compaction characteristics of the
jackhammer before building a stand to hold it during operation. The reciprocating
mass was surcharged to 25.9 kg by the attachment of 9.5 kg of steel weights to
the upper part of the body of the jackhammer. (Plate 14) When unloaded the
jackhammer misses blows as it jumps too high, so weights were added to avoid
this. The initial weight to be added was guessed in the absence of any other
data.

The material used for testing in the first series was type 2.1 quarry produced
gravel as used for road base. This was retrieved from a stockpile of unused
samples, mixed and split into 4 representative subsamples of approximately 20
kg each. One sample was used for testing by the Q110A/B method and the rest
for project tests using the jackhammer.

The initial calculation of the time of operation of the jackhammer was 3.7 s
(Chapter 5.1) so the first time of operation was done at 4 s. The resulting graph
and the Q110A/B graph were plotted and the MDD and OMC results from each
method were compared. A higher density was achieved in the project method so
the time of operation was reduced to 3 s and then 2 s and results plotted again.
The final test at 2 s produced a dry density slightly lower than the Q110A/B result
but at lower moisture content as shown in Figure 11.

The test worksheets are contained in Appendix G. Below is a summary of the
results used to generate the graphs and also the graphs showing the interpolated
curves and the MDD and OMC for each test, plotted on the same axes.
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Table 4
Project MDR Results
| Series 1 varying time of jackhammer operation
Point 1 |Point 2 |Point 3 |Point 4
Q110A/B Dry Denssity 1955 | 1.912 1.96 1.902
result [tonne/m~]
Moisture 11.2 12.3 10.3 9.2
Content [%0]
Time of
operation [s]
Project 2s Dry Densgity 1.953 1.93 1.959 | 1.938
results [tonne/m~]
Moisture 10.9 11.9 9.9 8.6
Content [%0]
Project 3s Dry Dens3ity 1.967 | 1.933 1.97 1.961
results [tonne/m~]
Moisture 11.4 12.4 10.3 9.3
Content [%0]
Project 4s Dry Dens3ity 1.987 | 1.956 2.01 1.999
results [tonne/m~]
Moisture 11.6 12,5 10.3 9.4
Content [%]

Table of the Q110A/B and the project dry density and moisture results.
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Figure 11
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Series 1. The time of operation of the jackhammer was varied and the
reciprocating mass kept constant at 21.4 kg

A line through the MDD of the 4 second and the 3 second graphs of the project
method is as predicted by Figure 3, but the 2 second graph shows an
unexpected result being off this theoretical line.

5.3.2 Series 2

The second series was done to find the compaction characteristics of the
jackhammer when the surcharge mass was varied and the time of compaction
kept constant. This was done by the attachment of different numbers of steel
discs to the jackhammer.

The material used for the test is again type 2.1 road base material similar to the
material used in series 1. Since this cannot be guaranteed to be the same
material as used in series 1 because of possible contamination in the stockpile,
another Q110A/B test was done to compare the project results to.
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Table 5
Project MDR Results
Series 2 varying reciprocating mass
Point 1 |Point 2 |Point 3 |Point 4

Q110A/B Dry Density 1.92 1.905 1.9 1.869
result [tonne/m®]

Moisture 11.9 12.8 10.9 13.4

Content [%]

Reciprocating
mass [kg]

Project 21.4 Dry Den53ity 1.829 1.912 1.931 1.913
results [tonne/m”]

Moisture 98 10.9 12 127

Content [%]
Project 26 Dry Densgity 1.941 1.902 1.95 1.857
results [tonne/m”]

Moisture 11.7 12.6 10.8 135

Content [%0]
Project 30.5 Dry Densgity 1.95 1.964 1.955 1.867
results [tonne/m”]

Moisture 9.6 10.9 11.69 8.5

Content [%0]

Table of Q110A/B and project dry density and moisture content results
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Series 2. The mass of surcharge attached to the jackhammer was varied.
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As the mass of surcharge attached is increased from 21.4 kg to 23 kg then 30.5

kg the MDD’s of the project tests form a line as predicted by Figure 3.

Plate 14

Weights composed of steel disks normally used as soaker weights for soaked

CBR tests were attached to the body of the jackhammer.
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5.3.3 Series 3

To gather some statistical data on the two methods, a series of six MDR tests,
and 4 project method tests were conducted on type 2.1 material. There are an
unequal number of tests because of lack of material while doing the project

method tests.

Table 6
Project MDR Results
Series 3 accuracy and repeatability
Point 1 |Point 2 |Point 3 |Point 4

Q110A/B DryDensity | | 5 379 | 2376 | 2339 | 2313
results [tonne/m”]

Moisture

Content [%] 7.2 6.4 8.2 5.5
Q110A/B Dry Density 237 | 2308 | 2.333 2.2
results [tonne/m]

Moisture

Content[%] || "2 | ** | % | *°
Q110A/B DryDensity | | 5575 | 2348 | 2367 | 2301
results [tonne/m’]

Moisture

Content [%] || > S I B
Q110A/B DryDensity | | 5 357 | 2085 | 237 | 2219
results [tonne/m”]

Moisture

Content [%)] 73 >8 5 e
Q110A/B DryDensity | | 536 | 2364 | 234 | 2258
results [tonne/m”]

Moisture

Content [%] || ° S I R
Q110A/B DryDensity | | 5578 | 2364 | 234 | 2258
results [tonne/m”]

Moisture

Content [%] || 2 53 | o8 °

Table of drv densitv and moisture content for the O110A/B method.
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The material used for series 3 was left over from a sample used to calibrate a
nuclear density meter. Six Q110A tests, a particle size distribution test and
Atterburg Limits tests were done by staff at the laboratory the project was done.
There was enough material left over to conduct 4 project method tests so this
opportunity was used to compare the project method to the standard method
over a number of tests.

Figure 13
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Series 3 Q110A/B results all plotted on the same axes
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Table 7
Project MDR Results
Series 3 accuracy and repeatability
Point 1 |Point 2 |Point 3 |Point 4

Project Dry Denssity 2.393 2.351 2.341 2.27
results [tonne/m~]

Moisture 75 6.7 8.4 59

Content [%]
Project Dry Dengity 2274 | 2.362 2356 | 2.333
results [tonne/m”]

Moisture 6.7 7.4 8 8.6

Content [%]
Project Dry Dengity 2.311 2.36 2338 | 2.322
results [tonne/m”]

Moisture 6.4 7.3 8.1 8.6

Content [%]
Project Dry Denssity 2.322 2.363 2.319 2.25
results [tonne/m~]

Moisture 71 77 8.8 59

Content [%]

Table of project method dry density and moisture content results
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Figure 14
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Project method graphs plotted on the same axes
5.2.4 Series 4

To find the differences in the MDD and OMC of the project method to Q110A with
different material types, a series of tests composed of one Q110A/B test and one
project method test were done. The materials chosen are common construction
materials to south east Queensland: a clay with some erratic stone, a sandy clay,
a natural (or ridge) gravel and a type 2.1 road base. These materials were also
tested for liquid limit, plastic limit and particle size distribution and the results
from these tests are contained in Appendix G.
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Table 8
Project MDR Results
Series 4 varying material properties
Material type
Type 2.1
guarry gravel Point 1 |Point 2 |Point 3 [Point 4
Q110A/B Dry Density 2331 | 2336 | 2327 | 2252
results [tonne/m~]
Moisture 75 6.7 8.4 5.9
Content [%0]
Project Dry Density 2274 | 2362 | 2356 | 2.333
results [tonne/m~]
Moisture 6.7 7.4 8 8.6
Content [%]
Sandy clay
Q110A/B Dry Density 1.891 | 1.865 | 1.858 1.82
results [tonne/m~]
Moisture 125 14.7 10.6 8.2
Content [%0]
Project Dry Density 1911 | 1853 | 1.822 | 1.763
results [tonne/m~]
Moisture 12.3 14.6 10.6 8
Content [%]
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Figure 15
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Q110A/B and project method graphs for the type 2.1 gravel.
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foan MOISTURE DENSITY RELATIONSHIP Legend
192 Project
o maximum
' B Q110A
188 maximum

oo
>

+ Project data
point

+ Q110A data
point

DRY DENSITY [TONNE/Ma]
>
=

18

| |
9 10 11 12 13 14 15
MOISTURE [%]

Q110A/B and project method graphs for the sandy clay.
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Table 9
Project MDR Results
Series 4 varying material properties
Material type
Natural gravel Point 1 |Point 2 |Point 3 [Point 4
Q110A/B Dry Density 1.962 | 1.972 1.92 1.914
results [tonne/m”~]
Moisture 133 125 115 142
Content [%0]
Project Dry Density 1934 | 1975 | 1902 | 1.923
results [tonne/m”~]
Moisture 13.3 125 115 14.2
Content [%]
Clay
Q110A/B Dry Density 1737 | 1724 | 1671 | 1.649
results [tonne/m”]
Moisture 155 18.3 20.2 133
Content [%0]
Project Dry Density 1739 | 1538 | 1674 | 1.679
results [tonne/m”~]
Moisture 18 13.1 15.2 20
Content [%]
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Figure 17

MOISTURE DENSITY RELATIONSHIP

1.99

1.98

1.97

DRY DENSITY [TONNE/Ma]

1.91

L L L
715 12 125 13 135 14
MOISTURE [%]

|
14.5

Q110A/B and project method results for the natural gravel.
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Chapter 6.  Analysis of results

6.1 Accuracy and Precision

In all there were 11 Q110A tests and 14 project tests done. This is too small a
number of tests to provide a rigorous statistical analysis but the results have
been analysed to find any clear correlation between results and to find the
inherent error margins in each test method.

6.1.1 Margins of Error in Q110A.

The energy of compaction is controlled by:
The mass of the rammer foot and handle, the height of the drop and
gravity
o Rammer and foot mass is 2.7 kg 0.01 kg for the standard rammer
used for comparison in the project.*
0 The height of the drop is 300mm 2.0mm.*
o Gravity = 9.81ms™.
*These dimensions and tolerances are from Table 1 of Appendix B.

The energy per blow was calculated by the following:

52



Comparison of Moisture Density Tests in Civil Engineering Materials

E = mgh (11)
=(2.7+£0.0) " 9.81" (0.3£.002)
=7.94+0.33J

The energy per compaction=E" n" L
=(7.94+0.33)" 60" 3
=1.43+0.059kJ

where m=mass [kq]

g = gravity [ms™]

h = height of drop [m]

E = compaction energy [J]

n =number of blows per layer

L = number of layers

Table 1 of Appendix B lists the tolerance of the energy per blow as 7.94 0.08 J,
different to the 7.94 0.33J found above. Given the worst case scenario the
tolerance calculated above will be used.

Other factors not listed in the tolerances and dimensions of Q110A that affect the
compaction energy are:

Material build up on the foot of the rammer occurs particularly with clay
samples compacted at moisture contents over OMC. The material
accumulates in a convex dome shape on the flat foot of the rammer,
making the height of the drop less than the specified 300 mm and
changing the compaction characteristics of the blow.

Miscounting of the number of blows per layer commonly occurs with
operators being distracted or losing their count.

It has been observed that some operators keep their hand on the handle
of the rammer as it falls. This is done so that the handle doesn’t have to
be re-grasped at the bottom of the drop.

These factors are difficult to quantify as to the margin of error that can be
expected, but inclusion of any of the above factors would change the actual
compaction energy delivered to the sample.

Mould volume

The 152 mm diameter moulds used for the Q110A/B and project tests is
calibrated for volume in regular lab calibration and is accurate to within 1 ml.
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Table 1 of Appendix BXXX lists the ideal volume of the mould as 2400 ml 35 ml,
but in practice the volume arrived at through calibration is used.

Energy per Volume

The material height tolerance is listed as +5 mm. This is 5 mm above the top of
the mould so the actual height of the material is 115.5+5 mm which is a 4.33%
increase in volume. This affects the energy per volume figure by the following
relationship:

mgh™ n
Y,
_ (7.94+£0.33)" 180
~ (2400+104)” 10°°
for the worst case:
E _(7.94- 0.33)" 180
V  (2400+104)" 10°°
= 547kJ/m?
where m = mass [Kg]

E
Energy per volume; v =

g = gravity [ms™?]

h = height of drop [m]

n = number of blows for 3 layers
V =volume [m?]

The energy input listed for Q110A is 596 14 kJ giving a lower limit of 582 kJ/m?
This lower limit does not seem to be achievable using the above calculation of
547 kJ/m® so a worst case of 596 49 kJ/m?® is used as the tolerance.

6.1.2 Margins of Error in the Project Method

Energy of Compaction

The jackhammer is listed as having an input power of 1240 Watt and operates
under full load at 1400 blows/min. or 23.3 blows/s. Using these figures the
energy per blow is calculated using:
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E

P= T (13)
so E=Pt
=1240" i
23.3
=53.2 J/blow

where P = power [Watt]
E = compaction energy [J]
t = time [s]

A stop watch was used to time the jackhammer operation. The accuracy at which
the stopwatch could be usedwas 0.5s

Over compaction of a full mould the number of blows using a compaction time of
3.0 05sis:

ng=n"t" L (24)
=233 (3005 3
=210+ 35 blows
Over one compaction theenergy=n; " E
=(210+£35)" 53.2
=11.2+1.86kJ
where ng = number of blows
n = blows per second of the jackhammer
t = time of compaction per layer [s]
L = number of layers
E = energy of compaction[J]

Using a factor of efficiency of 0.5 for the jackhammer in the calculation of the
energy per compaction, the figure of 5.3 0.93 kJ is much higher than the
energy per compaction of 1.43 0.059 kJ calculated for the Q110A method.

6.2 Analysis of test series

Series 1 one found an approximate relationship between the time of operation of
the jackhammer and the achieved density.
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Figure 19
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Graph showing the relationship between time of operation
and MDD.

An approximation of the line of the maximums of the curves was drawn to find
the relationship between the time of compaction and the maximum dry density.
The approximate relationship for this material type with a constant surcharge
mass of 21.4 kg was found using the MDD of the 4 second and 2 second curves
and the difference in time of operation:

Density acheived per second = %: (15)

_2.01- 196
4-2
0,025 tonne/m3
s
where Dr =changeindensity [tonne/m°®]

Dt =changeintime [s]

Series 2 was used to find the relationship between the reciprocating mass of the
jackhammer and the density achieved.(Figure 20) Again a line of maximums
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was drawn, this time a more consistent result with a straight line through the
peaks.

Figure 20
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Series 2 showing the line of maximums of the curves.

The change in density per kg of surcharge at a constant time of operation of 3.0 s
was found by:

ChangeinDensity _Dr
Changein surcharge mass " Dm
~1.965- 1.932
~ 305- 214
tonne/m?®

kg

(16)

= 0.0036

Series 3 was analysed by finding the spread, the average and the standard
deviation of the MDD and OMC results from each method. Both the Q110A/B
tests and the project tests were done on the same material, so the results relate
directly to each other. Figures 21, 22, 23 and 24 show the spread and average
for each method and Tables 6 and 7 summarise the data.
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Figure 21
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Graph of series 3 showing the average MDD result
Figure 22
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Graph of series 3 showing spread of results
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Figure 23
Moisture density relationship
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Average MDD and OMC from the project method

Figure 24
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Spread of results from the project method
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Table 10

Project results

Q110A/B results

Average maximum dry 2.38 2.39
density (tonne/m?®)

Average optimum moisture 7.36 7.18
content (%)

Standard deviation in 0.0147 0.0139
density (tonne/m?®)

Standard deviation in 0.3248 0.444
moisture (%)

Spread of density results 0.053 0.036
(tonne/m®)

Spread of moisture results 1.25 1.05

(%0)

This is only a small and unequal number of tests to compare, but the results
show that the project method has a similar range of results to the standard
method. As can be seen in Table 10 the jackhammer method had a larger spread
of results, with a higher standard deviation in density but a smaller standard
deviation in moisture. Many more tests would be needed to get a true
comparison of results.

Series 4

One test of each method was done on different materials to find the difference
that varied material properties make to the results. Below is a table of the MDD
and OMC results for each method and the difference in the results.

Table 11
Material Project Q110A Difference
Method Method

Type 2.1 Gravel | MDD [tonne/m3] | 2.41 2.34 0.07
OMC [%)] 6.7 6.6 0.1

Sandy Clay MDD [tonne/m3] | 1.93 1.89 0.04
OMC [%)] 13.1 13.2 0.1

Natural Gravel MDD [tonne/m3] | 1.98 1.97 0.01
OMC [%)] 12.3 12.7 0.4

Clay MDD [tonne/m3] | 1.74 1.75 0.01
OMC [%] 17.9 16.5 1.4
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Using the British soil classification system and the British plasticity chart (BS
5930, 1981) the soils for all the test series were classified to define the material
properties of the different soils used and see if there is any apparent relationship
between the soil types and the differences in results. While classification of the
soil was done for all the soils, series | and 2 were intended to find the compaction
characteristics of the jackhammer by varying the parameters affecting
compaction i.e. time and surcharge, so the results of the soil classification has no
relation to the differences in these results. Table 12 shows the classifications and
the result differences where applicable. The test sheets for the particles size
distribution, the liquid limit and plasticity index and graphs are included in
Appendix H.

Table 12

Test Gravel | Sand | Silt/Clay | Liquid | Plasticity | Difference | Difference

series [%0] [%0] [%0] Limit index in MDD |in OMC

[%] [%] [tonne/m?] | [%]

1 32 42 26 31.6 15.2 n/a n/a
Classification: Very Clayey Gravel (GM) with Clay fines of low plasticity
(CL)

2 46 129 |25 12727 215 |nia | n/a
Classification: Very Clayey Gravel (GM) with Clay fines of low plasticity
(CL)

3 60 129 |11 1244 ]6.0 1 0.01 10.18
Classification: Clayey Gravel (G-C) with Silt fines of low plasticity (ML)

4 (Type | 67 23.5 9.5 23.6 5.2 0.07 0.1

S.r;vel) Classification: Clayey Gravel (G-C) with Silt fines of low plasticity (ML)

4 7 81 |12 138|174  |0.04 [ 0.1

(Sandy | Classification: Clayey Sand (S-C) with Clay fines of Intermediate

clay) plasticity (Ml)

4 43 |47 |10 1324 |104 |0.01 0.4

(Natural | Classification: Silty Gravel (G-M) with Silt fines of Intermediate

gravel) | plasticity (MI)

4 (Clay) | 38 46 |16 498 [284  |0.01 1.4
Classification: Clayey Gravel (G-C) with Clay fines of Intermediate
plasticity (CI)

From Table 12 the biggest difference in MDD results was 0.07 tonne/m? for the
type 2.1 gravel, however the material most similar in properties, the natural
gravel, showed a small difference in MDD of 0.01 tonne/m?>. The finer materials,
the sandy clay and the clay also showed inconsistency in results with a
difference of 0.04 and 0.01 tonne/m? respectively. These contradictory results
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show no correlation between test methods and accuracy of results in MDD for
different material types.

Similarly the differences in OMC results between the two methods show no
pattern, with large differences between the results from similar materials, The
type 2.1 gravel and the natural gravel had a difference of 0.1% and 0.4%
respectively in OMC while the sandy clay and the clay differed by 0.4% and
1.4%.

These results suggest that there is no direct link between material properties and
test method, but given the limited testing done on each material type, further
testing of a broader range of material types may produce more definitive results.
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Chapter 7.  Future Directions

The jackhammer stand could be improved by the use of a lifting device for the
jackhammer and attachment when removing or filling the mould. The mass of the
jackhammer and attachment is 27 kg so to improve safety a device like a rack
and pinion as used in drill presses could be adapted.

One of the limiting factors to the accuracy of the project results was the use of a
hand held stopwatch to control the time of operation of the jackhammer. A timer
that could give a time of duration accurate to 0.01 s and control the current to the
jackhammer was sought during the project but industrial models available were
outside the budget of the project.

It has been suggested that the jackhammer be slowed down by the installation of
an electrical potentiometer so that longer times of operation can allow a more
accurate measurement of the energy of compaction. Any future testing of a large
electric jackhammer could address these issues.

This project trials only one type of jackhammer but smaller jackhammers maybe
more easily calibrated, so side by side trials of various jackhammers may find a
machine more suitable for this application.

The subsequent tests like the CBR and UCS that are done on samples
compacted by the Q110A method were not done in this project, so future testing
of the method could include these tests on the Q110A and project samples so
that a comparison of results and a judgement as to the usefulness of the
jackhammer method of compaction for these tests be made.
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Chapter 8. Conclusion

Most laboratories in South East Queensland use jackhammers for the digging
and re-compaction of test pits, so the use of this asset for other purposes such
as the laboratory compaction of samples is a cost efficient use of existing plant.
The use of a stand to hold the jackhammer allows a simple way of measuring
layer height and thereby calculating the volume of each layer, Also the graphing
of results using a cubic spline interpolation removes the possibility of operator
error or misinterpretation if results.

The project method solves some of the problems associated with the standard
test, but the use of a large 1240 Watt jackhammer for compaction produces
some concerns with the calibration of the time of compaction. The short duration
of the time of operation of between 2.5 and 3.0 seconds needed to produce the
same MDD as the Q110A method means that a more accurate way of timing the
length of operation or controlling the blows per second is needed.

Many more trial tests on a wide range of materials would have to be done to
validate the method for general use. Mechanical compaction of samples whether
by vibratory compaction as used in this project or by some other means is a
logical step in the development of testing procedures so that they are more user
friendly and reliable. Further research into this and other methods is needed to
improve the workplace health and safety and increase the accuracy of MDR
testing.
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Appendix B

Country Roads Board of Victoria
CRB 315.03
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Appendix C

One Point Rapid Compaction
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Appendix D

Queensland Main Roads Test
Method Q110A 1996
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Appendix E

MATLAB Scripts
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% Program to save and plot the project results

% Test results series 1, varying time

hold off

title(@MOISTURE DENSITY RELATIONSHIP®
xlabel(@®OISTURE [%]®

ylabel(@®RY DENSITY [TONNE/M"3]@,
BG1Q=[11.212.310.39.2;1.955 1.912 1.96 1.902]; % Q110A
BG11=[10.9 11.9 9.9 8.6;1.953 1.93 1.959 1.938]; % 2 seconds
BG12=[11.4 12.4 10.3 9.3;1.967 1.933 1.97 1.961]; % 3 seconds
BG13=[11.6 12.510.3 9.4;1.987 1.956 2.01 1.999]; % 4 seconds

BG2Q=[11.912.8 10.9 13.4;1.92 1.905 1.9 1.869]; % Q110A
BG21=[9.8 10.9 12 12.7;1.829 1.912 1.931 1.913]; % 21.4 kg
BG22=[11.7 12.6 10.8 13.5;1.941 1.902 1.950 1.857]; % 26 kg
BG23=[9.6 10.9 11.69 8.5;1.95 1.964 1.955 1.867]; % 30.5 kg

BG3Q1=[7.2 6.4 8.2 5.5;2.379 2.376 2.339 2.313];% Series of Q110A tests
BG3Q2=[7.2 6.2 8.5 4.9;2.370 2.308 2.333 2.200];

BG3Q3=[7.58.6 6.55.7;2.375 2.348 2.367 2.301];

BG3Q4=[7.35.8 8.6 4.4;2.387 2.285 2.370 2.219];

BG3Q5=[7.6 6.1 8.7 5.6,2.386 2.364 2.34 2.258] ;

BG3Q6=[7.2 6.3 5.8 8.0;2.378 2.364 2.273 2.354];

BG3Q1a=[BG3Q1(1,):BG3Q1(2,:).*(1+BG3Q1(1,:)./100)];

statm (1,:)=BG3Q1(1,:); % statm is matrix to contain
statm (2,:)=BG3Q2(1,:); % the moisture results
statm (3,:)=BG3Q3(1,:);

statm (4,:)=BG3Q4(1,:);

statm (5,:)=BG3Q5(1,:);

statm (6,:)=BG3Q6(1,:);

statd (1,:)=BG3Q1(2,:);% statd is matrix to contain
statd (2,:)=BG3Q2(2,:);% the density results

statd (3,:)=BG3Q3(2,);

statd (4,:)=BG3Q4(2,);

statd (5,:)=BG3Q5(2,:);

statd (6,:)=BG3Q6(2,:);

BG31=[7.56.7 8.4 5.9;2.393 2.351 2.341 2.270];% Series of project tests
BG32=[6.7 7.4 8.0 8.6;2.274 2.362 2.356 2.333];
BG33=[6.4 7.3 8.1 8.6;2.311 2.360 2.338 2.322];
BG34=[7.1 7.7 8.8 5.9;2.322 2.363 2.319 2.250];

BG4120=[6.4 2.386];% Changing time with the apparatus% Series 4
BG4125=[6.3 2.237];
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BG4130=[6.2 2.391];

BG4Q1=[6.1 7.0 8.1 5.2;2.331 2.336 2.327 2.252];% Series 4 with the apparatus
BG41=[6.2 6.9 8.2 5.4;2.391 2.407 2.368 2.244];% Boral 2.1

BG4Q2=[12.5 14.7 10.6 8.2;1.891 1.865 1.858 1.82 ;% Series 4
BG42=[12.3 14.6 10.6 8:1.911 1.853 1.822 1.763];% Clayey sand

BG4Q3=[13.312.511.5 14.2;1.962 1.972 1.92 1.914];% Series 4
BG43=[13.3 12.511.5 14.2;1.934 1.975 1.902 1.923];% Natural gravel

BG4Q4=[15.518.3 20.2 13.3;1.737 1.724 1.671 1.649];% Series 4
BG44=[18.0 13.1 15.2 20.0;1.739 1.538 1.674 1.679];% Clay

n=input(®ow many Q110A plots to print?@

fori=1:n;
hold on
m=input(&hich plot?@
xx=min(m(1,:)):0.01:max(m(1,));
yy=spline(m(1,:),m(2,:),xx);
e=find(max(yy)==yy);
plot(m(1,:),m(2,:),®&xx,yy,Créxx(e),max(yy),ers@ineWidthei,...
@®arkerEdgeColor@Re..
®arkerFaceColor@ba..
®arkerSize@10)%©k@MarkerFaceColor@@MarkerSize€12)
m1(1,i)= xx(e);
m1(2,i)=max(yy); % ml is a matrix of optimum moisture and max density

end
gmem=mean(m1(1,:));% Average moisture
gmed=mean(m1(2,:));% Average density
gsdm=std(m1(1,:));% std deviation moisture
gsdd=std(m1(2,:));% std deviation density
%plot(gmel,gme2,®+Q
gmoispread=max(m21(1,:))-min(m1(1,:));
gdenspread=max(m1(2,:))-min(m1(2,:));
%vx=(mean(m(1,:)))+1:0.01:max(m(1,:));
gs=2.7,
%dd=gs./(1+vx/100*gs);
%plot(vx,dd);
n=input(®ow many project method plots to print?@
fori=1:n;
m=input(@&hich plot?@

HH
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xx=min(m(1,:)):0.01:max(m(1,:));
yy=spline(m(1,:),m(2,:),xx);
e=find(max(yy)==yy);

plot(m(1,:),m(2,:),08xx,yy,ckexx(e),max(yy),dma@RineWidthE2,...
®arkerEdgeColorGRe..
®arkerFaceColor@nQ@..
®arkerSize©10)
m1(1,i)= xx(e);
m1(2,i))=max(yy); % ml is a matrix of optimum moisture and max density
end
pmem=mean(m1(1,:));% Average moisture
pmed=mean(m1(2,:));% Average density
psdm=std(m1(1,:));% std deviation moisture
psdd=std(m1(2,:));% std deviation density
%plot(pmel,pme2,&+Q
pmoispread=max(m1(1,:))-min(m1(1,:));
pdenspread=max(m1(2,:))-min(m1(2,:));
hold off
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Appendix F

Plans for Jackhammer Attachment
and Compaction Block
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Appendix G

Q110A and Project Compaction
Worksheets
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Appendix H
Particle Size distribution and

Atterburg Limit Worksheets
and Graphs
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