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During CBR testing, there was some material breakdown compared to RMT and
LWD laboratory testing. Like the sand, however, this breakdown did not produce
material smaller than what was tested by the NHDOT hired agency. In fact, the
testing done by the agency determined a fines content of 5.1 %, which is above
the limit (5%) for this material as specified by the NHDOT. However, due to time
constraints NHDOT personnel allowed this material to stay in place and material
removal was not conducted.

The building derived aggregate was also tested after each laboratory test.
Like the 2 in. minus material, the BDA was also modified for CBR testing. This

modification can be seen in figure 4.20.
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Figure 4.20 Gradation Curves Post Testing on BDA
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After CBR testing, there was an increase in the amount of finer material seen.
This increase may be attributed to the modification that was needed in order to
perform the CBR test. Regardless, the amount of fines developed during testing

was consistent throughout all the laboratory tests.

4.7 LWD Lab Results to LWD Field Resuits

The primary purpose of the field testing was to evaluate how well material
could be tested in the laboratory using a LWD. It is assumed that the size of the
pit would have alleviated boundary effects during testing and should have
compared well to values seen in the field as long as the compacted material had
the same properties. The Zorn 2000 LWD and the Keros Prima 100 LWD, both
fitted with a 300 mm plate, were used for this an'alysis. This comparison was only
done on the sand and 2 in. minus stone, because they were the only materials

used in the field.

4.7.1 NHDOT Sand

The results from the testing on the sand are presented in Figure 4.21 along with

the standard deviation error bars.
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Figure 4.21 300 mm Plate LWD Results on Sand

These results illustrate two trends. One trend was that the Keros Prima
100 gave higher dynamic modulus values, approximately 1.4 times greater than
the Zorn 2000.

The other trend was that the results from testing within the pit were higher
than the results from the field. This was most likely caused by the higher dry
density of the sand within the pit when cdmpared to the dry density measured in

the field, 124.4 Ib/ft® to 123.9 Ib/ft>.

4.7.2 NHDOT 2 in. Minus Crushed Stone

The results from the testing on the 2 in. minus are presented in and Figure 4.22

along with the standard deviation error bars.
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Figure 4.22 300 mm Plate LWD Results on 2 in. Minus

The trends seen during LWD testing on the 2 in. minus were similar to the
trends seen during LWD testing on the sand. The Keros Prima 100 was
approximately 1.8 times higher than the Zom 2000 results. The coefficient of
variation was also much higher for the Keros Prima 100 results as shown by the
error bars.

Unlike the sand, the 2 in. minus dry density measured in the field was
almost exactly what was measured in the laboratory pit, 136.4 Ib/ft°> and 136.3

Ib/ft® respectively.
4.8 LWD Results to Resilient Modulus Results

A key component for a LWD to be useful to a DOT is having a useful and

effective model to predict MR results from LWD results. The model used during
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this research was developed by the Louisiana Transportation Research Board in

2008 and is shown in Equation 4.2.

My = 18.69E,,,,%** (Equation 4.2)

The unit used for this model is kips per square inch. The size LWD plate used for
developing the model was 200 mm. The values used for this model were from
the Zorn 2000 fitted with the 200 mm plate. The following results in Figure 4.23
demonstrate how well this model worked for predicting Mg values on the three

tested materials.
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Figure 4.23 200 mm Plate LWD to Mg Model Prediction Results with Standard
Deviation Error Bars

This model performed quite well for estimating Mg from the 200 mm LWD

results, likely because the model was developed using granular materials, such
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as what was used for this research. The 2 in. minus had the best prediction with
95 % prediction of the actual value, while BDA had the worét prediction with 77 %
prediction of the actual value. The model follows a trend that the higher the LWD
results the higher the Mg prediction. It was assuring that the model did not over-
predict the Mg values. It is comforting to know, from an engineer’s point of view,

that the predictions are conservative.

4.9 CBR Results to Resilient Modulus Results

Due to the complexities of running a RMT test, many DOTs prefer to run
the CBR test. The CBR test has been used in pavement design.for decades with
an established data base of testing results. With the introduction of Mg, the
development of a model to predict Mg from CBR was natural. The model that was
used for this research was developed by Powell et al. (1984) and is shown in

Equation 4.3.
Mg (psi) = 2554 x CBRO6* (Equation 4.2)

This model uses units of pounds per square inch. The CBR values used with the

model are a percentage and the results in Figure 4.24 are presented in MPa.
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Figure 4.24 CBR to Mg Model Prediction Results with Standard Deviation Error
Bars

The first trend noticed in these results is that the model vastly over-
predicted the Mg value. The over-prediction was 178 % on the sand to 215 % on
the 2 in. minus. This over-prediction would be very concerning if these values are
to be used in pavement design. The error bars also illustrate that there was more
variation in the CBR data as compared to the RMT data.

The over-prediction was most likely caused by the high CBR results.
These high CBR results were most likely caused by the high densities developed
in the tested CBR specimens. The model was developed for CBR values less
than 100 %. The materials tested in this research may have had CBR values less
than 100 % if the specimens were compacted to a lower density, maximum
density according to standard Proctor for example. Because this research was

done to replicate densities seen in the field, the CBR specimens were compacted
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to densities much higher than the standard Proctor, which may have lead to the

high CBR values and over-prediction of Mg.

4.10 Summary

There was a wide variety of tests conducted during this research, but each
test was run for one common goal; relating it back to resilient modulus. The field
LWD testing was done with no disturbance to the material with tools currently in
use by the NHDOT, such as the nuclear density gage, to determine material
properties. Material in the pit for laboratory LWD testing was compacted to match
properties seen in the field. The specimens used for RMT and CBR testing were
created to match the properties seen in the field and in the pit. Each test, from
LWD to CBR, was conducted in a manner that would be repeatable by any
testing agency as long as manufacturer recommendations and AASHTO

specifications are followed.
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CHAPTER 5

CONCLUSION and RECOMMENDATIONS

5.1 Introduction

This research was conducted to estimate material stiffness using a variety
of methods. All of the methods used are tools for current state of the art
pavement design and are accepted nationwide as such. The material selection
was based on what is currently being used in a modern roadway in the state of
New Hampshire with the addition of the building derived aggregate. The BDA
testing was done to determine its ability to be used as a base material in modern
roadways.

5.2 LWD Usage

Throughout this research, the LWD testing was for the most part very
successful. A large number of tests can be conducted using the LWD in a
relatively short amount of time. One test takes less than three minutes to conduct
and measures stiffness rather than density, which is a more useful parameter in
roadway designs. Unlike the nuclear density gage, the LWD does not require an
8 hour training session, an dperator radiation badge or the lengthy paperwork to
own and transport a nuclear gage.

There appeared to be a little influence in the LWD results from the walls

and base of the pit. The coefficient of variation, and LWD results for the
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laboratory LWD testing appeared to approximately the same as the values seen
in the field LWD results. Obviously more research on the LWD induced stresses
is needed to determine the boundary effects of the pit, but LWD testing in the
laboratory pit appears to be a useful tool for conducting LWD testing.

The Zorn 2000 was user-friendly and took little experience to master both
the operation of the LWD and the data analysis associated with its use. Changing
the plate from a 300 mm to 200 mm only took about 5 minutes, making it
reasonable to do testing with both plates. The robust design of the LWD gives
the indication that the instrument would provide a long service life in field working
conditions.

A downfall to the Zorm 2000 is that it should be calibrated at regular
intervals like any instrument. Also, the data acquisition system does not allow the
operator to change the falling weight or the drop height. If the weight and height
could be changed then the operator could have a greater ability to change the
induced stresses upon a test site.

The Keros Prima 100 was also user-friendly. Like the Zorn 2000, it does
not require lengthy training and paperwork like a nuclear gage. Unlike the Zorn,
the operator has the ability by to change the data acquisition system for changing
soil parameters like Poisson’s Ratio and to change the falling weight and drop
high to vary the induced stresses. The Keros Prima 100, by comparison to the
Zorn 2000, does not have simple data acquisition system. Because it requires a
palm pilot, there needs to be a sound connection between the instrument and the

palm pilot. If this connection is lost, the test results are not recorded.
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The largest downfall in using the Keros Prima 100 éomes from the
geophone used to record the deformation of the plate during a test. The
geophone accounted for the larger amount of scatter within the Keros results
compared to Zorn results. Unlike the Zorn, in which the accelerometer is
mounted directly to the‘ plate and measures total deformation of the plate, the
Keros geophone is mounted within a hole in the plate and may not properly
measure total plate deformation. This was evident when testing the 2 in. minus
and BDA with large particles. If one of these large particles was under the
geophone, the geophone would deform less than the plate resulting in falsely

high modulus results.

5.2.1 Zorn 2000 compared to Keros Prima 100

The results of the Zorn 2000 were 1.4 to 1.8 times lower than the Keros
Prima 100 results. This may have been caused by the use of the accelerometer
verses the geophone, as explained previously. This difference was similar to
what was seen during a study done by White (2008). White determined that the
Keros Prima 100 results were 2.17 times larger than the Zom 2000 results using
a 300 mm plate, with the Keros results having more scatter than the Zorn results.
He also determined that smaller plate sizes tend to produce larger results. This
was seen during this research on the 200 mm Zorn with results being an average

of 1.2 times larger than the 300 mm Zorn results.
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5.3 LWD Dynamic Modulus to Resilient Modulus

The model used in this research proved to be a useful tool for determining
conservative Mg values. Although this model was developed using a limited
amount of testing results on granular materials, it worked quite well when applied
to the results from this research. This model helped to further the ability for the
LWD to be a valuable tool for DOTs to determine Mg.

The model, however, should be reevaluated with the increase of available
LWD data from the testing on granular materials. Trends in the results from this
research showed that with increasing density, the model gave better predictions,
such as the Mg prediction on 2 in. minus material. The model did not perform as

well when predicting Mg for the BDA with its high Mg results and lower density.

5.4 CBR to Resilient Modulus

The model to predict Mg results from CBR results did not perform well for this
research. The CBR model vastly over-predicted Mg. During 2008, when former
graduate student Mark DeRocchi used his CBR results to predict Mg using the
same model, he found that the model performed poorly. Some predictions were
above the actual value while some were below. Either way there was no
correlation. It was interesting to see that during this research, all predictions were
well over the actual Mg values.

It is difficult to tell from just three different materials how modifying the
material may have affected the results. It seems with fhe limited types of material

tested during this research that modifying the material does not affect how well
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the model predicts Mg. The unmodified sand Mg was over-predicted as was the
modified 2 in. minus Mg.

If the model is going to continue to be used to predict Mg from CBR
results, it needs to be reevaluated for materials that produce high CBR values.
The model may work better for less granular cohesive subgrade materials, but
predicting the resilient modulus of subbase and base materials is just as
important. Like the model developed for predicting Mg from LWD resuits, there
may need to be a separate model for predicting Mg from CBR results just for
granular materials with a high CBR value. As illustrated during this research, one
model may not be applicable for all CBR data and material specific CBR to Mg

models may need to be developed.

5.5 Building Derived Aggregate as Base/Subbase

The results from this research, shown in Table 5.1, gave valuable insight

into how well BDA would perform as a base or subbase.

Table 5.1 Average Results from LWD Laboratory, RMT and CBR Testing

47.9 (MPa) 57.2 (MPa) 67.5 (MPa)

220 (MPa) 210 (MPa) 269 (MPa)
128 (%) 159 (%) 217 (%)
122.9 (Ib/t) 134.6 (Ib/ft%) 117.9 (Ib/ft)

The BDA when compared to either the sand or the 2 in. minus gave higher

stiffness and strength values for laboratory LWD testing, RMT testing and CBR
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testing. All these higher results were accomplished with a lower dry density than
the sand or the 2 in. minus. .

This exemplifies how a material with a low density may be stiffer than a
material with a higher density. More research needs to be done to determine
when and why this occurs.

This was just one small sample of BDA from one single source. BDA may
have vastly different properties depending on the origin of C&D debris. More
research needs to be done on BDA from different C&D debris sources to see
how much BDA varies in stiffness and other material properties. Hopefully, this
research shows a trend in just how potentially useful BDA may be in future

roadway construction.

5.6 Recommendations
During this research issues arose that warranted further attention. Due to
time constrictions these issues were not addressed. Further research using

LWDs and resilient modulus should address these issues.

5.6.1 LWD Testing with Accelerometers

During the summer of 2009, accelerometers were used to determine how
the stress bulb created by testing of the LWD dissipates into a material.
Manufacturers of LWDs state after two times the plate diameter, the stress bulb
has dissipated and any induced stresses below this depth are insignificant. While

during the summer of 2009 this issue was addressed, problems arose as to how
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to properly determine the spacing between different accelerometers to accurately
measure the speed of the induced stress wave or pulse. If the— accelerometers
can be accurately placed, it can be determined where and when the stresses
dissipate. This would be critical in determining if testing a material in the field can
be influenced by underlying layers which may be softer or harder.

The accelerometers would also be very useful as another tool for
determining stiffness. By measuring the velocity at which the stress wave travels
and the deformation induced by that wave, stiffness can be determined. This
would be another way to see how accurately a LWD can determine stiffness.
More work using accelerometers in the Kingsbury $123 pit would be very useful

in this area of research.

5.6.2 Finite Element Modeling of LWD Testing

Once a thorough understanding of how the stress waves dissipate within
the soil, a finite element model could be developed and calibrated. This model
would be very useful for evaluating different materials. Instead of manually fill
and empty a pit every time to evaluate each material, material properties could
be entered into a finite element model to approximate an estimation of the

materials stiffness.

5.6.3 Building and Construction Aggregate

As determined by this research, BDA has the ability to have a relatively

high stiffness compared to natural materials. However, unlike natural materials
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the lifespan of BDA in a roadway is unknown. There are hypotheses about how it
may break down over decades of use and how it may impact the environment, »
but until BDA is researched further and test-trials are run, there is no certainty.
To accurately determine how BDA will behave in a roadway, a test section needs
to be constructed. While this may require a vast amount of laboratory testing
before roadway .design_ers feel comfortable using BDA, this crucial step needs to
be made in the direction of applying BDA in modern roadways.

One way of overcoming the uncertainty of using BDA by itself in roadways
would be to perform tests using a mix of natural materials and BDA. By using
natural materials with well understood properties, such as the 2 in. minus, and
mixing it with BDA there would be a level of certainty of how it will perform in
roadway applications. This technique is used to some extent by roadway
engineers by mixing recycled asphalt product with natural material and applying it
as a base material in secondary roadway design. By using this technique,
convinCing roadway designers to use BDA, even in limited quantities, would help

move towards using larger quantities BDA in modern roadways.
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