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UNIT CONVERSIONS

Measurement Metric English

1 cm 0.394 in

1 m 3.281 ft

Length

1 km 0.621 mile

1 cm2 0.155 in2Area

1 m2 1.196 yd2

1 m3 1.308 yd3Volume

1 ml 0.034 oz

1 N 0.225 lbfForce

1 kN 0.225 kip

1 MPa 145 psiStress

1 GPa 145 ksi

Unit Weight 1 kN/m3 6.36 lb/ft3

Permeability 1 cm/s 118.1 ft/hr
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EXECUTIVE SUMMARY
Highway base courses are typically constructed using crushed and processed aggregate.

Roadway designers currently have a number of options for specifying base course material on
Montana Department of Transportation (MDT) highway projects.  An extensive suite of
geotechnical laboratory tests were conducted on 14 different material sources to quantify relative
differences in engineering properties of three crushed aggregate types commonly used on MDT
highway projects.  The material types are identified in the Montana Supplemental Specifications
as CBC-6A, CBC-5A, and CTS-2A.  The two crushed base course (CBC) materials, CBC-6A
and CBC-5A, have maximum particle sizes of 1.5 inches and 2 inches, respectively.  The Type A
designation indicates that they are untreated.  On some projects, a finer-grained leveling course is
substituted for the top 0.15 feet of CBC.  This leveling course has a smaller maximum particle
size and is used in place of CBC at the top of the base course layer to provide a smooth level
surface for the placement of asphalt concrete.  This study utilized a 0.75-inch maximum particle
size material, which is denoted by MDT as crushed top surfacing (CTS) Grade 2 Type A (CTS-
2A).

Engineering properties examined in this study included: compaction, durability, strength,
stiffness, and drainage.  These properties were quantified by synthesizing and analyzing results
from the following laboratory tests: geotechnical index tests, direct shear, R-value, and
permeability.  Multiple repeat tests were conducted on each material.  Statistical analyses were
performed using the two sample t-test to determine if apparent trends in measured laboratory test
results represented true differences between aggregate types.

The CBC-6A aggregates generally exhibited the highest strength and stiffness of the three
material types based on R-value tests and direct shear tests on 12-in by 12-in samples.  The
CBC-6A aggregates exhibited higher φ′ values and higher R-values than the CTS-2A materials.
In terms of strength parameters measured in direct shear testing, there was no statistically
significant difference between CBC-5A and CTS-2A materials.  The CBC-6A and 5A materials
exhibited similar average R-values, which were both slightly greater than the CTS-2A materials.
Overall, the CTS-2A materials generally exhibited the lowest average strength and stiffness;
however, it still exhibited relatively high strength and stiffness.

Drainage capacity was quantified by conducting multiple saturated constant head
permeability tests on 10-inch-diameter samples.  The CBC-6A and CTS-2A materials exhibited
the highest average permeability (k) values, while the CBC-5A materials had the lowest.
Permeability  was  shown  to  depend  more  on  the  fine  fraction  void  ratio  (ef) than on aggregate
type or maximum particle size.  A method of predicting k based on ef was developed, which will
allow MDT designers to estimate k based on gradation and state of compaction.  This equation
could be useful for comparing the hydraulic properties of base course aggregates, for estimating
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hydraulic properties of materials that are out of specification, or to determine the maximum
amount of material passing the No. 10 sieve to achieve a particular minimum k.

Based on results from strength, stiffness, and drainage testing, the CBC-6A materials were
generally the best performers in this study.  The CBC-5A aggregates generally exhibited the
second highest strength and stiffness, but also had the lowest drainage capacity.  The CTS-2A
aggregates generally exhibited the lowest strength and stiffness, but had relatively good drainage
capacity.  The ability to substitute CTS-2A material for CBC aggregates depends on the relative
importance that is assigned to strength, stiffness, and drainage in the pavement design model.
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1 INTRODUCTION
Highway base courses are typically constructed using crushed and processed aggregate.

Roadway designers currently have a number of options for specifying the base course material
on Montana Department of Transportation (MDT) highway projects.  The engineering
characteristics of these various options have not been thoroughly investigated or quantified by
MDT; consequently, the designer must rely on experience and habitual practices.  This approach
often leads to inconsistencies in design and occasionally misunderstandings between designers,
contractors, and materials personnel in regards to aggregate specifications.

The most common options for untreated base course aggregates are described in Section
701.02.4 and Section 701.02.6 of the Montana Supplemental Specifications.  These materials are
known as crushed base courses (CBC) and crushed top surfacings (CTS).  Based on particle size
gradations, the three options for untreated base course examined here are: i) CBC Type A Grade
5, ii) CBC Type A Grade 6, and iii) CTS Type A Grade 2.  The maximum allowable particle size
for Grade 6 and 5 are 1.5 inches and 2 inches, respectively, while CTS Grade 2 has a maximum
particle size of 0.75 inches.

The most important engineering characteristics of any base course aggregate are strength,
stiffness,  and  drainage  capacity.   Each  of  these  properties  can  have  a  large  impact  on  the
performance  of  a  flexible  pavement.   For  example,  increasing  the  strength  and  stiffness  of  the
base course results in less rutting, smaller pavement deflections, and ultimately less cracking of
the pavement surface.  The damaging effects of water in the structural layers of roadways have
been well documented.  Specific modes of these damaging effects include pumping of fines, frost
heave, asphalt stripping, and reduction of shear strength.

The goal of this study is to quantify relative differences in important engineering
characteristics of three crushed and processed aggregates.  Results from this study will help
alleviate confusion among designers and District personnel regarding the use of crushed
aggregates, and provide valuable information to construction personnel when faced with requests
by contractors to substitute or modify aggregate types.
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2 METHODS & MATERIALS

2.1 Laboratory Testing Scheme
This report summarizes results from laboratory tests that were conducted to quantify

physical characteristics of three commonly used crushed and processed aggregates.  The primary
properties that were examined in this study were: compaction, durability, strength, stiffness, and
permeability.  These properties were quantified by synthesizing and analyzing results from the
following laboratory tests:

Ø particle size gradation,
Ø modified Proctor density,
Ø relative density (maximum and minimum index densities),
Ø specific gravity,
Ø Los Angeles abrasion/degradation,
Ø R-value,
Ø direct shear, and
Ø permeability.

2.2 Description of Materials
In Montana, untreated base courses generally consist of Crushed Base Course (CBC)

aggregates.  These CBC aggregates are specified by gradation in Section 701.02.4 of the
Montana Supplemental  Specifications.   As requested by MDT, this study utilized the two most
commonly specified base course aggregate gradations: Grade 6 and Grade 5.  CBC-6A and
CBC-5A aggregates have maximum particle sizes of 1.5 inches and 2 inches, respectively.  The
Type A designation indicates that they are untreated.

On some projects, a finer-grained leveling course is substituted for the top 0.15 feet of CBC.
This leveling course has a smaller maximum particle size and is used in place of CBC at the top
of the base course layer to provide a smooth level surface for the placement of asphalt concrete.
Aggregates used for this purpose are termed Crushed Top Surfacing (CTS) aggregates, as
specified in Section 701.02.6 of the Montana Supplemental Specifications.  Like CBC
aggregates, CTS aggregates are specified according to gradation.  MDT has five different
grading options for CTS aggregates.  These grading options range from a maximum particle size
of  1  inch  down  to  a  maximum  particle  size  of  0.375  inch.   As  requested  by  MDT,  this  study
utilized the 0.75-inch maximum particle size material, which is denoted by MDT as CTS Grade
2 Type A.  The gradation specification limits for the three aggregates used in this study
(CBC-6A, CBC-5A, and CTS-2A) are shown in Table 1.
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Table 1.  Material Specification Limits

Sieve Size CBC-6A CBC-5A CTS-2A
2 in 100
1.5 in 100 94-100
1 in
0.75 in 74-96 70-88 100
0.375 in 40-76 50-70
No. 4 24-60 34-58 40-70
No. 10 25-55
No. 40 6-34 6-30
No. 200 0-8 0-8 2-8

Note: specification limits are given in percent by weight passing square mesh sieves.

Fifteen different aggregate samples were originally proposed in this study, consisting of five
samples of each base course category, each from a different source.  The actual number of
samples (14) was modified from the prescribed number due to the limited availability of CBC-
5A samples.  At the time of this study, only three CBC-5A samples were available from MDT.
Consequently, an additional CBC-6A sample was added to the testing scheme to keep the total
number of samples near the originally prescribed quantity.  The modified materials schedule
used in this study consisted of a total of fourteen aggregates from a variety of locations across
Montana, as shown in Figure 1.  Table 2 shows the abbreviations for each material that will be
used throughout this report.

Figure 1.  Location map showing origin of samples.

District 1
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District 2
Butte

District 3
Great Falls

District 4
Glendive

District 5
Billings

Sampling Location

District 1
Missoula

District 2
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District 3
Great Falls

District 4
Glendive

District 5
Billings

District 1
Missoula

District 2
Butte

District 3
Great Falls

District 4
Glendive

District 5
Billings

Sampling LocationSampling Location
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Table 2.  Materials Schedule

Aggregate Type Abbreviation
Great Falls 6A-Great Falls
Billings 6A-Billings
Glendive 6A-Glendive
Missoula 6A-Missoula
Butte 6A-Butte

CBC-6A

Kalispell 6A-Kalispell
Great Falls 5A-Great Falls
Missoula 5A-MissoulaCBC-5A
Kalispell 5A-Kalispell
Havre 2A-Havre
Glendive 2A-Glendive
Missoula 2A-Missoula
Lewistown 2A-Lewistown

CTS-2A

Billings 2A-Billings

Visual depictions of 6A, 5A, and 2A aggregates can be seen in Figure 2, Figure 3, and
Figure 4, respectively.  All photos were taken at approximately the same scale, and a graduated
scale in inches is shown at the bottom of each photo.  The differences in particle size and
gradation between the CBC type aggregates and the CTS type aggregates can be visually
discerned by comparing Figure 2, Figure 3, and Figure 4.  All aggregates are relatively well
graded.  The 2A aggregates have a smaller maximum particle size (0.75 inches), while the 5A
and 6A aggregates have larger maximum particle sizes (2 and 1.5 inches, respectively).  There
are also minor visual differences between 5A and 6A aggregates.  The 5A aggregates appear to
be slightly gap graded with some larger particles and an abundance of sand-size particles, while
the 6A aggregates appear to have a better distribution and range of particle sizes.
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Figure 2.  Pictures of CBC-6A samples from a) Butte, b) Missoula, c) Glendive, d) Billings,
e) Great Falls, and f) Kalispell.

Figure 3.  Pictures of CBC-5A samples from a) Missoula, b) Great Falls, and c) Kalispell.

Figure 4.  Pictures of CTS-2A samples from a) Missoula, b) Billings, c) Glendive,
d) Lewistown, and e) Havre.

d)

a) b) c)

e) f)

a) b) c)

d) e)

a) b) c)



Results & Analysis

Western Transportation Institute 6

3 RESULTS & ANALYSIS

3.1 Statistical Evaluation of Results
The primary focus of this project is to determine relative differences in important

engineering properties between three different aggregate types.  Statistical analyses of average
values based on aggregate type were conducted using the two sample t-test to determine if
apparent trends in measured laboratory test results represent true differences between aggregate
types.  The following statistical symbols are used throughout this report:

Ø  = average (also known as the mean),
Ø  = standard deviation, and
Ø COV = coefficient of variation ( / ).

The two sample t-test is a statistical test used to determine if the averages of two data sets
are statistically different based on a mathematical evaluation of data scatter.  It can further be
used to determine the relationship between the two averages; i.e., whether one average is greater
than, less than, or equal to the other.  Three separate comparisons are required to determine the
relationship between each set of test results (i.e.; 6A versus 5A, 6A versus 2A, and 5A versus
2A).

The output of interest from this statistical test is the p-value parameter, which ranges from 0
to 1 based on the methodology used in this study.  Although not typically shown this way, p-
values from the t-test can be used to indicate how the two average values compare to each other
taking into account data scatter and the number of data points.  As shown in Figure 5, p-values
between 0 and 0.15 indicate that one average is statistically less than another average; p-values
between 0.85 and 1.0 indicate that one average is statistically greater than another average; and
p-values between 0.15 and 0.85 indicate the two averages being compared are not statistically
different.  This may be because the averages are truly the same, or that the standard deviations
are relatively large compared to the difference between the averages.  In either case, no
statistically significant differences can be discerned between the two averages.  The two sample
t-test does not inherently include cut-off p-values for evaluating the relationship between data
sets; rather appropriate cutoff values must be selected by the user.  The cut-off p-values of 0.15
and 0.85 were selected by the researchers in this study using judgment based on the relatively
large variability that is typically observed in geotechnical test data.
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Figure 5.  p-value ranges utilized in this study for the two sample t-test.

3.2 Particle Size Distribution
Grain size analyses were completed on each of the 14 samples in general accordance with

AASHTO Test  Method T311 and  MDT Test  Method MT202.   Particle  size  distributions  were
compared to MDT specified upper and lower gradation limits, which are described in Sections
701.02.4 and 701.02.6 of the Montana Supplemental Specifications.  Screen sizes used for
gradation analyses were selected based on MDT specifications, as shown in Table 3.  Figure 6
shows a comparison plot of the specification limits for the three aggregate types compared in this
study.

Table 3.  Sieve Sizes Utilized in this Study

Sieve Opening
(in) (mm)

Standard
Sieve Size

2 50 -
1.5 37.5 -
1 25 -
0.75 19 -
0.5 12.5 -
0.375 9.5 -
0.187 4.75 No. 4
0.079 2 No. 10
0.017 0.425 No. 40
0.003 0.075 No. 200

A dash indicates that a standard sieve size does not exist for this sieve opening size.

Grain size analyses were performed by two separate labs.  One set of analyses was
performed at the Montana State University (MSU) geotechnical laboratories, and another set was
completed by MDT.  MSU grain size distributions are shown in Figure 7 through  Figure 9, and
copies of MDT grain size distributions are provided in Appendix A.  Gradation plots compare
favorably  for  the  two  sets  of  analyses,  with  only  one  notable  difference;  the  MSU  gradations
show less fine material than the MDT grain size distributions.  This is likely due to the fact that
the MDT lab performed a wash test on the minus No. 4 size particles, while the MSU lab did not.
The slight differences in results could also partially be attributed to variations in methodologies
used to fill the multiple sample bags at the source location, and particle segregation that may
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occur during sampling, splitting, and testing.  In conclusion, the washed test procedure in
accordance with MT202 should always be used for particle size analysis.

Figure 6.  MDT specification limits for CBC-5A, CBC-6A, and CTS-2A.

Figure 7.  CBC-6A gradation results from the MSU soils lab.
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 Figure 8.  CBC-5A gradation results from the MSU soils lab.

 Figure 9.  CTS-2A gradation results from MSU soils lab.
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3.3 Modified Proctor Compaction
Modified Proctor testing was conducted in substantial accordance with MDT Test Method

MT230 and general accordance with AASHTO Test Method T180.  Because the 2A aggregates
had a maximum particle size of 0.75 inches, no screening of oversize particles was necessary
with the 6-inch-diameter Proctor mold.  Material greater than the 0.75-inch sieve was screened
off for testing of the 5A and 6A materials and replaced with an equal weight of material between
the No. 4 and 0.75-inch sieve sizes, as specified in MT230.  When testing the 5A and 6A
materials, several difficulties were encountered in obtaining results that were accurate and
repeatable enough for research purposes.  These difficulties included excessive amounts of water
and fines washing out of the bottom of the Proctor mold, excessive movement of particles when
the hammer was applied to the sample, and variations in measured densities depending on the
approach  used  to  level-off  the  top  surface  of  the  test  specimen.   The  combined  effect  of  these
factors led to inconsistencies in the results.  These inconsistencies are generally attributed to the
open graded nature of the 5A and 6A aggregates.

ASTM Test Method D2049 specifies that relative index density testing is appropriate for
materials with less than 12% passing the No. 200 sieve.  In addition, as described in AASHTO
Test Methods T99 and T180, the Proctor test is not necessarily applicable for use on cohesionless
soils.  All aggregate samples evaluated in this study have less than 12% fines and are
cohesionless.  Consequently, densities obtained from maximum and minimum index density
testing (ASTM D4253 and ASTM D4254) were used in place of Proctor densities for evaluating
relative densities of prepared samples in this study.

Modified Proctor maximum dry densities for the 2A samples were similar in magnitude to
dry densities determined using the maximum index density method, as shown in Figure 10.
Density measurements are provided in terms of void ratio (e) in Figure 10, which can be related
to dry unit weight ( d) using Equation (1), as follows:

e
G ws

d +
=

1
γ

γ (1)

where, Gs = specific gravity, w = unit weight of water, and e = void ratio.

This indicates that either method for determining maximum density would be acceptable for
the 2A aggregates.  For consistency, maximum dry densities obtained using the maximum index
density tests were used in this study for all three aggregate types.  It is expected that if accurate
Proctor densities could be obtained for 5A and 6A aggregates, they would likely also correspond
to maximum dry densities measured using the maximum index density test.
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Figure 10.  Comparison of modified Proctor and maximum index densities for CTS-2A.

3.4 Relative Density
Relative density testing was conducted in substantial accordance with ASTM Test Method

D4253 (Maximum Index Density and Unit Weight of Soils Using a Vibratory Table) and ASTM
Test Method D4254 (Minimum Index Density and Unit Weight of Soils and Calculation of
Relative Density).  ASTM D4253 provides the option of conducting either dry or saturated
testing.  It was observed in this study that saturated testing yielded significantly lower minimum
void ratios (higher maximum densities) than dry testing.  Consequently, all maximum index
density results reported herein are based on tests performed under saturated conditions.  The size
of the mold used for testing was governed by the ASTM specification, which is based on the
maximum  particle  size  of  the  sample.   All  2A  samples  were  tested  in  the  6-inch-diameter
(volume = 0.100 ft3) mold, while both the 5A and 6A samples were tested in the 10-inch-
diameter (volume = 0.500 ft3)  mold.   Relative density can be calculated in terms of either void
ratio or dry density as:
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where, Dr = relative density, emax = maximum void ratio, emin = minimum void ratio, e = in-situ
void ratio, d = in-situ density, d(max) = maximum index density, and d(min) = minimum index
density.

Maximum and minimum index density results are summarized in Figure 11 in terms of void
ratio.  This figure shows maximum and minimum void ratios, as well as the associated void ratio
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spread (emax-emin) for each aggregate.  The majority of specimens compacted to a minimum void
ratio between 0.20 and 0.25, with three exceptions.  The 5A-Kalispell sample had the lowest emin

value (0.17), while the 6A-Missoula and 6A-Glendive samples were on the high end with emin

values of 0.29 and 0.27, respectively.

Figure 11.  Maximum and minimum index density test results.
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Table 4.  Specific Gravity results

Aggregate Type Specific Gravity
Great Falls 2.73
Billings 2.71
Glendive 2.71
Missoula 2.72
Butte 2.68

CBC-6A

Kalispell 2.69
Great Falls 2.73
Missoula 2.70CBC-5A

Kalispell 2.69
Havre 2.66
Glendive 2.76
Missoula 2.76
Lewistown 2.71

CTS-2A

Billings 2.72

3.6 Los Angeles Abrasion
Los Angeles (LA) abrasion tests were conducted in substantial accordance with MDT Test

Method MT209 (Resistance to Degradation of Small-Size Coarse Aggregate by Abrasion and
Impact in the Los Angeles Machine) and general accordance with AASHTO Test Method T96.
LA  abrasion  tests  are  used  to  quantify  the  relative  durability  of  aggregates.   Results  from  LA
abrasion testing are summarized in Table 5.  The 2A-Havre and 5A-Missoula samples fell
outside of the MDT specification limit of 40 percent loss, with LA abrasion loss percentages of
48.2 and 61.9, respectively.  All other samples fell within the MDT specification limit for
durability.

The percent loss value for the 2A-Havre sample is about 8 percent greater than the
specification limit, and the loss for 5A-Missoula is about 22 percent greater than the limit.  It was
noted during direct shear testing that the larger particles of the 5A-Missoula sample contained
conglomerations  of  smaller  particles  that  broke  apart  under  load.   It  is  likely  that  if  these
conglomerated particles broke apart under load they would also break apart during repeated
impact.  Consequently, it is hypothesized that the high loss percentage exhibited by this sample
is a result of the tendency of the larger conglomerated particles to break apart during impact.
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Table 5.  Los Angeles Abrasion Results
Aggregate Type Percent Loss

Great Falls 27.3
Billings 23.5
Glendive 22.3
Missoula 15.3
Butte 19.0

CBC-6A

Kalispell 15.5
Great Falls 19.0
Missoula 61.9CBC-5A

Kalispell 13.2
Havre 48.2
Glendive 15.3
Missoula 13.1
Lewistown 24.1

CTS-2A

Billings 16.9

3.7 Resistance Value
The Resistance R-value and Expansion Pressure of Compacted Soils test (commonly

referred to as the R-value test) is used by MDT to evaluate the strength and stability of subgrade
and base materials.  The test is standardized by AASHTO Test Method T190 and ASTM Test
Method D2844.  The R-value test output is a number ranging from 0 to 100, with 0 representing
viscous liquid slurry with no shear resistance, and 100 representing a rigid solid.  The R-value
test is conducted using a stabilometer, in which a constant vertical pressure is added to the
stabilometer and the corresponding increase in horizontal (fluid) pressure is measured.  The R-
value is calculated based on the measure of horizontal pressure increase.

R-value tests were completed by MDT at their Helena materials testing lab.  R-value results
are summarized in Figure 12, and data sheets for the R-value tests are provided in Appendix B.
All soils in this study are classified as A-1-a in the AASHTO soil classification system.
Published correlations suggest that R-values for A-1-a soils would likely range from
approximately 70 to greater than 80 (PCA 1966, Van Til et al. 1972).  As shown in Figure 12,
slight differences in average R-values were observed between the different aggregate types.  A
series of two sample t-tests were performed to determine if differences in the average values are
statistically significant.  Results from this statistical evaluation are shown in Table 6.  Based on
the statistical testing, the average 2A R-value (66.6) was less than both the average 6A R-value
(74.5) and the average 5A R-value (72.0).  There is no statistically significant difference between
the average 6A and average 5A R-values.  From a practical viewpoint, the relative differences
are not significant based on the accuracy of the test.
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Figure 12.  R-value test results.

Table 6.  Average R-value Statistical Evaluation

Relationship p-value

6A = 5A
=74.5 =72.0

0.740

6A > 2A
=74.5 =66.6

0.950

5A > 2A
=72.0 =66.6 0.873

3.8 Direct Shear
Direct shear testing was performed to quantify shear strength parameters of the aggregate

samples.   Tests  were  performed  in  general  accordance  with  AASHTO  Test  Method  T236.   A
large 12-inch by 12-inch Brainard-Kilman direct shear testing apparatus was used to
accommodate the maximum particle size of the aggregate samples.  Shear resistance was
measured using an S-type load cell and lateral displacement was measured using a linear variable
displacement transducer (LVDT).  Figure 13 shows some of the main components of the direct
shear device.
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Figure 13.  Direct shear testing apparatus a) mold halves, b) mold placed in load frame
with a crane, c) vibratory compactor, and d) assembled mold halves with air bladder and

cover plate attached to top.

3.8.1 Apparatus and Sample Preparation
Soil was placed into the shear box in 1.3-inch compacted lifts.  Compaction was performed

at 4 percent moisture using a 57 pound pneumatic vibratory compactor with a 100 in2 contact
area (Figure 13c).  Normal stress (pressure) was applied to the sample using a pressurized rubber
air bladder, which was located on the inside of the shear box lid (Figure 13d).  The samples were
sheared  at  a  constant  rate  of  0.05  in/min  to  a  maximum horizontal  displacement  of  3.8  inches.
The horizontal displacement rate was slow enough to ensure full drainage (effective stress
conditions).

3.8.2 Compacted Density of Direct Shear Samples
In the field, large vibratory drum compactors pass over a material multiple times to impart

weight and vibration to the underlying geomaterials.  This process was simulated in the
laboratory using a weighted vibratory plate.  Vibration and impact compaction energy were
applied until observable particle movement ceased, which generally occurred after

a) b)

c)

d)
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approximately 1 minute of compaction for each soil layer.  This method of compaction provided
high densities with minimal compaction non-uniformities.  All samples were compacted using an
initial water content of 4% to help minimize particle segregation.

The dry density of the direct shear samples was determined using mass-volume relationships
after each sample was compacted into the direct shear mold.  Relative density (Dr) was
calculated for each compacted sample using Equation (2).

There is some variation in Dr between aggregate types because of the differences in particle
gradation, particle shape, and maximum particle size.  Overall, good repeatability was achieved
using this method of compaction, as evidenced by the relatively small spread of compacted void
ratios, as shown by the dashed symbols in Figure 14.

Figure 14.  Void ratio (e) for each direct shear test compared to emax and emin.

3.8.3 Measured Parameters
Several parameters were obtained from direct shear testing including initial stiffness (ki),

ultimate secant stiffness (ku), and ultimate strength ( u).  Mohr-Coulomb failure envelopes were
determined from the ultimate strength of each material at different normal stresses.  Values of ki

reported here are defined as the slope of the linear elastic portion of the stress-displacement
curve, which occurs at low displacements. ku is defined as the slope of a line drawn from the
origin to the shear stress at 8% strain, where the strain is averaged over the entire length of the
sample.  Percent strain in this context is thus defined as the measured displacement divided by
sample width. u was determined at 8% strain or the peak stress, whichever occurred first.  An
example illustrating how these values were determined for the 6A-Missoula, 10 psi sample, is
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shown in Figure 15.  Shear stress versus horizontal displacement plots for all three normal
stresses are provided in Appendix C for each material.

Figure 15.  Example of strength parameter (ki, ku, and u) determinations.

3.8.4 Friction Angle
The effective angle of internal friction (φ′) was determined by testing three separately

compacted  samples  (each  with  virgin  material)  at  normal  stresses  of  5,  10,  and  15  psi.   In  the
field, these aggregates likely experience relatively low normal stresses because of the small
overburden loads that are typical of highway pavement sections.  Normal pressures of 5, 10, and
15 psi were used to simulate the low normal pressures typical of in-situ conditions.  The spread
of 5 psi between normal pressures is a practical measure necessary to provide accurate Mohr-
Coulomb failure envelopes.  Mohr-Coulomb failure envelopes are presented in Figure 16, Figure
17, and Figure 18 for the 6A, 5A, and 2A samples, respectively.  Effective friction angles shown
in the plots are based on best fit lines drawn through the origin.
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Figure 16.  Mohr-Coulomb failure envelopes for 6A samples: a) Butte, b) Missoula,
c) Glendive, d) Billings, e) Great Falls, and f) Kalispell.

Figure 17.  Mohr-Coulomb failure envelopes for 5A samples: a) Missoula, b) Great Falls,
and c) Kalispell.
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Figure 18.  Mohr-Coulomb failure envelopes for 2A samples:  a) Missoula, b) Billings,
c) Glendive, d) Lewistown, and e) Havre.

Measured φ′ values were in the range of 49° to 68°, which represents a relatively large
spread.  Figure 19 provides a direct comparison of φ′ values for the three aggregate types.  A
series of two sample t-tests were performed on the average φ′ values to determine the statistical
significance of the scatter or spread in results.  The results of this statistical evaluation are
summarized in Table 7, which indicates that the average 6A effective friction angle (58.8°) is
larger than the average 2A friction angle (55.1°).  When the spread of data is taken into account,
there is not a significant difference in the φ′ values between the 6A and 5A materials or between
the 5A and 2A materials.
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Figure 19.  Internal friction angles (φ′) for each aggregate.

Table 7.  Average Internal Friction Angle Statistical Evaluation

Relationship p-value

6A  = 5A
=58.8 =56.3 0.791

6A  > 2A
=58.8 =55.1 0.882

5A  = 2A
=56.3 =55.1 0.660

3.8.5 Initial Stiffness (ki) Analysis
Failure of roadway materials is generally defined by relatively small deformations, which

are related to the initial portion of the stress-displacement curve. ki is defined as the slope of the
stress-displacement curve at low displacements, where the curve is relatively linear, as
exemplified in Figure 15.

Values of ki for all of the samples tested are compared in Figure 20.  These values generally
ranged from 10,000 lb/in to 30,000 lb/in.  As expected, most aggregates exhibited increasing ki

with increasing normal stress.  There were some minor exceptions to this trend, which may be
attributed to small variations in the test pressures and variations in sample collection
methodology, compaction non-uniformities, and minor particle segregation during sampling and
sample preparation.
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Figure 20.  Initial stiffness (ki) results.

A series of two sample t-tests were performed to determine if the apparent trends in average
ki values were statistically significant.  The results of the statistical evaluation are summarized in
Table 8.  The average ki of the 6A aggregate type (22,100 lb/in) is statistically greater than the
average ki of the 2A aggregate type (17,100 lb/in) and the 5A aggregate type (17,300 lb/in).
There is no significant difference between the average ki of the 5A and 2A aggregate types.

Table 8.  Average Initial Stiffness (ki) Statistical Evaluation

Relationship p-value

6A  > 5A
=22.1 =17.3 0.931

6A  > 2A
=22.1 =17.1 0.953

5A  = 2A
=17.3 =17.1 0.552

3.8.6 Secant Stiffness (ku) Analysis
Secant stiffness (ku) values were determined for each aggregate to evaluate the soil

behavioral characteristics at large strains. ku is defined here as the slope of a line drawn from the
origin to the shear stress at 8% strain on a shear stress-displacement curve, as shown in Figure
15. ku may  not  be  as  relevant  as ki because roadway base course aggregates could only
experience 8% strain during a major shear failure, which would not be typical.  However, ku is a
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meaningful parameter that can be used for quantifying strength and stiffness differences between
different aggregates.

Figure 21.  Secant stiffness (ku) results.

As shown in Figure 21, ku values generally ranged from 1,000 lb/in to 3,500 lb/in.  All
aggregates exhibited increasing ku values with increasing normal stresses.  The 6A-Missoula
sample exhibited significantly higher secant stiffness than all of the other samples.  A series of
two sample t-tests were performed to compare average ku values based on aggregate type.
Results of this statistical evaluation are presented in Table 9.

Table 9.  Average Secant Stiffness (ku) Statistical Evaluation

Relationship p-value

6A  > 5A
=2.44 =2.20 0.878

6A  > 2A
=2.44 =2.16 0.934

5A  = 2A
=2.20 =2.16 0.538

The average ku of the 6A aggregate type (2,440 lb/in) is greater than the average of the 2A
aggregate type (2,160 lb/in) and the 5A aggregate type (2,200 lb/in).  There is no significant
difference between the average ku of the 5A and 2A aggregates.  This indicates that at relatively
large displacements, these aggregates all exhibit relatively similar stress-displacement behavior,
with the 6A aggregate type exhibiting only a small potential advantage over the other aggregates.
Trends observed in the ku results are similar to the ki results.
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3.9 Permeability
Drainage capacity of the aggregates was quantified by conducting saturated constant head

hydraulic conductivity (permeability) tests.  Permeability tests were performed in general
accordance with ASTM Test Method D2434 and AASHTO Test Method T215 (Permeability of
Granular Soils - Constant Head).  Constant head testing was utilized (as opposed to falling head)
to limit the amount of hydraulic head applied to the samples thus ensuring laminar flow
conditions.  Darcy’s Law was used to compute permeability, as follows:

tHA
QLk = (3)

where, k = permeability, Q =  volume of  water  passed  through the  specimen, L = length of the
specimen, t = elapsed time corresponding to Q, H = total head across the specimen, and A = cross
sectional area of the specimen perpendicular to the flow direction.

Permeability is a highly variable soil property that can vary significantly with small
variations in compaction and gradation.  To minimize testing errors, average k values were
obtained for each sample by conducting three separate tests, using virgin aggregate each time.
The experimental results were compared to empirical estimation equations and published typical
ranges.

3.9.1 Apparatus
A custom-built large-diameter permeameter was utilized for this testing.  The permeameter

specimen mold has a diameter of 10 inches and an approximate height of 10 inches.  The
permeameter utilizes a unique Mariotte tube and integral upper reservoir arrangement to
maintain constant pressure head and complete saturation of the soil sample and testing apparatus
throughout the experiment.  A photograph and schematic diagram of the permeameter are shown
in Figure 22.
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Figure 22.  Permeameter:  a) photograph and b) schematic diagram.

There are several notable improvements in this custom-built device over a traditional
constant head permeability testing apparatus.  The apparatus used in this study completely
submerges the specimen in the tail water tank, which ensures the specimen remains saturated
throughout the test.  There is no head loss between the head water tank and specimen because
there are no tubes,  valves,  or fittings between the headwater and specimen.  Only a screen and
support plate separates the supply water from the specimen.  The upper reservoir is used to
supply water to the sample and can be precisely measured using a manometer, which eliminates
the need to collect and measure the tail water.  Additionally, the use of a Mariotte tube to
maintain constant head eliminates the waste of overflow head water, which is inherent in
traditional permeameter devices.

The specimen support plates are shown in Figure 23.  The support plates consist of 0.25 in
thick galvanized steel plates that have 0.25 in holes throughout to permit unrestricted flow of
water.  Two square mesh screens, oriented at 45° relative to each other, were placed between the
sample and the support plates to reduce the washing of finer particles out of the specimen during
testing.  The screens were placed at 45° relative to each other to further reduce the opening size
of the sieves, thereby reducing the movement of fines.

Upper
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Figure 23.  Support plate for bottom of specimen mold.

A 0.125-inch thick soft neoprene rubber liner with 450 psi tensile strength and 10A
durometer hardness was attached to the inside of the specimen mold with silicone adhesive to
reduce edge effects, as suggested by Thornton and Toh (1995).  The liner was installed to
alleviate high stress concentrations that may occur at the contact points of the larger particles on
the smooth rigid interior wall of the mold, and to maintain a more uniform and representative
distribution of particles near the sample edges.  The liner was used for all tests performed in this
study.  Any effect imparted on the measured permeability from the presence of the liner was
approximately the same for all samples.

3.9.2 Sample Preparation
Samples of virgin aggregate were compacted into the 10-inch tall specimen mold in five lifts

using 15 drops from a modified Proctor hammer (with a 10-lb weight and 18-inch drop).
Relatively low energy was utilized for compaction (2,600 lb-ft/ft3) to avoid damaging the bottom
screens.  Impact was selected as the compaction mechanism to minimize particle segregation.
For consistency, all samples were compacted at an initial water content of 4%.

Preventing particle segregation during placement and compaction is particularly important
in permeability testing because a non-homogenous distribution of the finer sized particles can
have a large effect on the measured permeability (Moulton 1980).  In addition, careless sample
preparation and compaction techniques can lead to inaccurate results.  Even if extreme care is
taken, the measured value of permeability may likely only be within one order of magnitude of
the true value (Bowles 1992).  Every effort was made in the preparation, placement, and
compaction of samples to minimize particle segregation and to ensure consistency between test
specimens.

Sample preparation consisted of compacting the aggregate in layers in the permeameter
mold, placing the screens in the proper orientation, and saturating the samples and apparatus.
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Approximately 35 to 40 gallons of water were prepared for each test.  This included water for
filling the tail water container, saturating the sample, and filling the upper reservoir.  Partially de-
aired water was used to minimize potentially adverse effects of air bubbles in the system during
saturation and testing.  The use of 100% de-aired water was not practical in this study because of
the large quantity of water used in each test.  It is postulated that the small amount of entrapped
air in the test water would have had only minor influences on the absolute results and no
influence  on  the relative difference between results because identical procedures were used to
prepare each sample.

A small negative pressure (vacuum) was applied to the reservoir tube to draw in head water
and to help saturate the soil specimen.  While applying the vacuum through the vacuum port at
the top of the reservoir tube, the side port was opened to allow water to fill the upper reservoir.
This created a slight negative hydraulic gradient across the sample thereby causing water to be
drawn up through the specimen.  The vacuum forced entrapped air bubbles out of the sample and
consequently enhanced the saturation process.  The negative pressure was kept small to avoid
washing fines from the specimen into the upper reservoir.  Samples were filled under low
vacuum at a rate of approximately 0.6 gal/min.  This slow filling rate and low vacuum was
selected to provide a balance between the removal of air bubbles and the control of fines
migration.

3.9.3 Testing Procedure
After the sample is fully saturated, the upper reservoir is attached to the specimen mold and

filled with water.  The procedure for filling the reservoir and running a test is outlined below:

Ø Install the upper reservoir using the coupling near the top of the specimen mold and
adjust the height of the Mariotte tube to control the hydraulic gradient through the
sample.

Ø Open the side port and the vacuum port.
Ø Plug the top of the Mariotte tube.
Ø Apply a small amount of vacuum to the vacuum port.  This will draw water into the side

port from the tailwater tub.  Leave vacuum on until the upper reservoir is completely full
of water.  Additional water will need to be added to the tailwater tub as it is drawn into
the upper reservoir.

Ø Close the vacuum and side ports after the upper reservoir is completely filled with water.
Ø Unplug the Mariotte tube to initiate the flow of water through the sample.
Ø Allow the system to approach steady state conditions.
Ø Record the water level and start time.
Ø Record the water level and stop time just before the water reaches the bottom of the

Mariotte tube.
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ASTM D2434 and AASHTO T215 suggest that permeability testing should not be started
until  the  system  completely  reaches  steady  state  conditions.   However,  for  the  wide  range  of
particle sizes examined in this study, it was observed that running excessively large quantities of
water through the specimen before testing is started could be counter-productive.  Excessive
seepage, especially at high gradients could change the results of the test because fines could be
washed out of the specimen.  It was determined that using a carefully controlled hydraulic
gradient and a water volume of 2.3 gallons allowed the system to approach steady state
successfully because generally only minor changes in permeability were noted after this initial
volume of water drained through a sample.

Relatively low hydraulic gradients were used on all samples to ensure that the assumptions
inherent in Darcy’s Law were not violated and to provide consistency between tests.  ASTM
D2434 recommends applying gradients of 0.2 to 0.3 ft/ft to coarse grained soils and gradients of
0.3 to 0.5 ft/ft to finer soils.  All of the aggregate samples examined in this study were
predominately coarse-grained; consequently, a hydraulic gradient of 0.26 ft/ft was used.

3.9.4 Results
Saturated permeabilities were determined for each aggregate in this study by conducting

three independent permeability tests (each using virgin aggregates).  Permeability results for
each test are summarized in Figure 24, and average results for each aggregate type are shown in
Table 10.  The COV values shown in Table 10 are relatively large, which is attributed to the
inherently highly variable nature of this parameter.  (Values of k are  presented  in  this  section
using units of cm/s as is typical practice in the United States.  Whenever practically possible, US
Customary units are also presented.)

Figure 24.  Summary of permeability test results.
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Table 10.  Average Permeability Values Based on Aggregate Type

Average k Standard Deviation,Aggregate
Type (ft/hr) (cm/s) (ft/hr) (cm/s)

COV

6A 11.1 0.094 16.9 0.143 1.52
5A 1.5 0.013 1.1 0.009 0.69
2A 10.4 0.088 14.2 0.120 1.36

A series of two sample t-tests were performed to facilitate the evaluation of average
permeability values.  The results of this statistical evaluation are presented in Table 11.  The
average permeabilities for each aggregate type were all in the same order of magnitude, ranging
from 0.094 to 0.013 cm/s (11.1 to 1.5 ft/hr).  The statistical evaluation indicates that 6A and 2A
aggregates both have higher average permeabilities than the 5A aggregates.  There is no
statistically significant difference between the average permeabilities of the 2A and 6A samples.

Table 11.  Average Permeability (k) Statistical Evaluation

Relationship p-value
6A  > 5A

=11.1 =1.5 0.986

6A  = 2A
=11.1 =10.5 0.552

5A  < 2A
=1.5 =10.5 0.015

The measured permeability values fell within typical reported ranges based on general soil
type.  Measured values of permeability for the aggregates in this study varied from 0.003 to 0.50
cm/s (0.35 to 59.1 ft/hr), similar to the range reported by Holtz and Kovacs (1981) for clean
sands and gravels 0.001 to 1.0 cm/s (0.12 to 118.1 ft/hr).

3.9.5 Correlation Equations - Background
Published correlation equations were also utilized to further examine the reasonableness of

the measured permeability values and to explore the potential usefulness of empirical
relationships.  These equations rely on data obtained from geotechnical index testing to estimate
the permeability of a soil.  Although the parameters used to determine permeability vary from
equation to equation, they generally rely on particle size and/or void space measurements of the
soil.  Table 12 summarizes the six empirical equations that were evaluated using data measured
in this study.
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Table 12.  Empirical Permeability Correlation Equations
Author Year Equation Test Validity

Hazen 1911 2
10dCk H= Sands between 0.1 and

3.0 mm

Terzaghi 1925 2
10

2
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13.0 d
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nCk
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
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
−
−

=
µ
µ

µ
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grain size and shape

Moulton 1980 597.0
200

654.6478.1
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)(
)(10*00219.0

P
ndk = Roadway subbase

aggregates

Shahabi et al. 1984
e

edCk u +
=

1
2.1

3
89.0

10
735.0 Medium to fine sand

Chapuis 2004
7825.03

2
10 1

4622.2 







+

=
e

edk Saturated sands and
gravels

Chapuis 2004
)1(

)1(
3
max

max
32

10

ee
eedC

k H

+
+

=
Extended Hazen
equation for sand or
gravel

Notes: k = permeability, CH = empirical coefficient, d10 = grain size corresponding to 10% passing, C/ o = empirical
coefficient, o = dynamic viscosity of water at 10° C, T  = dynamic viscosity at temperature T, n = porosity, P200 =
percent of material passing the No. 200 sieve, Cu = coefficient of uniformity, e = void ratio, and emax = maximum
void ratio.

Empirical correlation equations for estimating permeability are best suited for materials that
are similar to those used to develop the equation.  The Hazen (1911) equation was developed for
clean filter sands at or near their minimum density ( min) with uniformity coefficients (Cu) of less
than 5.  The empirical coefficient, CH, in this equation is generally considered to vary between
0.8 and 1.5.  However, Carrier (2003) has shown that the magnitude of CH can vary over several
orders of magnitude when applied to different granular materials.  Hazen’s equation is not
expected to perform very well for the aggregates in this study because they contain effective
particle sizes (d10) larger than the sand that Hazen used to develop his equation, and Cu values
greater than 5.

The Terzaghi (1925) equation takes multiple factors into account including viscosity of the
permeant (water) at different temperatures, d10, and n.  The empirical coefficient in this equation,
C/ o, varies from 460 for angular sands to 800 for rounded sands.  A value of 460 was used here
due to the crushed nature of the aggregates being examined.  This equation was developed for
sands with non-uniform grain size and shape.  It is more versatile than Hazen’s equation because
it accounts for more factors that influence permeability.  It is unknown if the Terzaghi equation
can be successfully applied to soils containing particle sizes larger than sand.

The Moulton (1980) equation was developed for roadway subbase aggregates.  It takes
multiple factors into account including porosity and the percent passing the No. 200 sieve.  This
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equation utilizes multiple factors and was developed for materials similar to those used in this
study.

The Sahahabi et al. (1984) and Chapuis (2004) equations are both variants of the Kozeny-
Carman equation, which is given by:









+

=










e
e

STk
k

oop 1
1 3

22γ
µ (4)

where, e = void ratio, k = permeability, = the dynamic viscosity of the permeant, p = is the unit
weight of the permeant, ko = the pore shape factor, T = the tortuosity factor, and So = particle
shape factor (Kozeny 1927, Carman 1937).

This equation is widely recognized as a reasonable predictor of permeability in porous
media such as gravels, sands, and silts (Carrier 2003).  The Kozeny-Carman equation is based on
hydraulic principles and takes into account pore shape and size, particle shape and size, and the
tortuosity of the flow path.  These parameters are difficult to quantify because there is no
practical way of measuring the tortuosity of the pore space, and most aggregates contain widely
varying pore and particle sizes and shapes, as compared to the single value the equation accounts
for.

Many variations of the Kozeny-Carman equation have been developed that utilize different
methods of experimentally correlating the pore shape/tortuosity/particle shape term ( 22

oo STk ) to
more readily measured parameters.  The equations presented here from Shahabi et al. (1984) and
Chapuis (2004) are both based on the Kozeny-Carman equation.  Shahabi et al. (1984) assumed
that the 22

oo STk  term  depends  on d10 and Cu, while Chapuis (2004) assumed that this term
depends solely on d10.  The researchers each used different regression techniques and data sets to
develop their equations.

Chapuis (2004) also developed what is known as the “extended Hazen” equation, which is
essentially another variant of the Kozeny-Carman equation.  The extended Hazen equation is
nearly the same as the Hazen equation except that it includes a correction factor for the void
ratio.  Hazen’s equation was developed for loose filter sands.  The term “loose” implies that
these sands were at or near emax.  The correction factor was developed by Chapuis (2004) to
adjust the permeability of a sample that is at an e other than emax.

3.9.6 Correlation Equations - Results
The empirical correlation equations presented in this study utilize grain size data from

mechanical sieve analyses.  Two sets of estimated permeabilities are presented; one set utilizes
MSU  grain  size  data,  and  the  other  set  utilizes  MDT  grain  size  data.   Figure  25  shows  a
comparative plot of the predicted and measured k values for the 6A aggregate type utilizing
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MSU and MDT grain size data.  Differences in k estimations between the MSU and MDT grain
size data are evident in the 6A-Great Falls sample where predicted values of permeability are
almost an order of magnitude apart from each other.  This exemplifies the dependence of these
estimation equations on the finer fraction of the grain size data.

Figure 26 and Figure 27 show comparative plots of the predicted and measured
permeabilities for the 5A and 2A aggregate types, respectively.  Permeability estimations
utilizing MDT gradation data could not be created for the 5A-Kalispell sample because the MDT
gradation did not include grain size data with small enough particle sizes to utilize the estimation
equations.

Figure 25.  Calculated permeabilities for the 6A aggregates.
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Figure 26.  Calculated permeabilities for the 5A aggregates.

Figure 27.  Calculated permeabilities for the 2A aggregates.

Ranges of permeability predicted by the correlation equations varied widely, as summarized
in Table 13.  In many cases, the highest and lowest predicted values of permeability bracketed
the measured permeability values.  This is true of 6A-Butte, 6A-Kalispell, 5A-Great Falls, 5A-
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Kalispell, 2A-Billings, and 2A-Havre.  The permeability predictions from the Hazen (1911) and
Moulton (1980) equations both tended to fall at or near the upper end of the estimations.  While
the permeability predictions from the Terzaghi (1925) and extended Hazen (Chapuis, 2004)
equations both fell at or near the lower end of the estimations.  The equations from Chapuis
(2004) and Moulton (1980) tended to fall somewhere in between these high and low values.

The equation developed by Shahabi et al. (1984) generally over predicted permeability for
the aggregates in this study.  This equation was not very sensitive to its inputs because predicted
values of k did not change significantly even when there were notable changes in grain size
distribution.

The estimated permeabilities generally rise and fall in a similar manner to the measured
values for each aggregate type as shown in Table 13, Figure 25, Figure 26, and Figure 27.  These
trends coupled with the bracketing effect of the predicted permeability values by the measured
values indicates that the measured permeabilities are reasonable based on past studies by others.

Table 13.  Ranges of Predicted Permeability Based on Aggregate Type

CBC-6A CBC-5A CTS-2APrediction
Equation (cm/s) (cm/s) (cm/s)
Hazen (1911) 0.021-0.002 0.078-0.044 0.083-0.031
Terzaghi (1925) 0.015-0.004 0.016-0.007 0.039-0.007
Moulton (1980) 0.077-0.010 0.057-0.020 0.172-0.017
Shahabi et al.
(1984) 0.195-0.113 0.203-0.140 0.278-0.097

Chapuis (2004) 0.045-0.008 0.022-0.013 0.043-0.012
Extended Hazen
(Chapuis, 2004) 0.063-0.007 0.014-0.008 0.017-0.004

Measured
Values 0.186-0.002 0.030-0.005 0.273-0.004

Note: The predicted permeability ranges are based on averages from both the MSU and MDT data.

3.9.7 Void Ratio-Permeability Relationships
In addition to particle size and particle size distribution, k is affected by pore size, pore

shape, and tortuosity.  These pore characteristics are in turn affected by the state of compaction.
For cohesionless soils, the state of compaction is often quantified on a macro basis by void ratio
(e).  The permeameter samples in this study were each compacted using the same compaction
energy and methodology; however, because of differences in particle size, shape, and
distribution, the compacted void ratios varied slightly between samples.  Because of the
dependency of k on void structure, a relationship between e and k was explored.  When all soil
samples are examined together, there is not a very strong correlation between e and k, as shown
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in Figure 28.  This indicates that k cannot be predicted solely on the basis of compacted density
or e.

Figure 28.  Void ratio versus permeability for all aggregates in this study.

The value of e commonly used to calculate k is the average e determined from weight-
volume relationships using total weight and total volume data.  Cote and Konrad (2003)
proposed that because k is known to highly depend on smaller particles, it could be better
correlated by considering only the finer fraction of a base course aggregate.  The average e is  a
function of both fine fraction and coarse fraction void ratios.  By isolating only the fine fraction
void ratio (ef), a more accurate prediction of k may be possible.  The cutoff size between fine and
coarse fractions depends on the material size and particle distribution – the cutoff is not
necessarily the No. 200 sieve size.

The following equation for calculating ef has been modified from Cote and Konrad (2003):
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where, e = void ratio, ef = void ratio of the finer fraction, F is the percent fines based on the No.
10 sieve, d = dry unit weight, Gs = specific gravity, and w = unit weight of water.

Based on a parametric study of sieve sizes, the No. 10 sieve was selected as the cut-off size
between fine and coarse for determining the percent of fine material for use in Equation (5).  A
comparison of ef versus k is  shown in  Figure  29.   The  utilization  of ef provides a significantly
better correlation than e, although there is still some scatter in the data.
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Equation (5) requires the assumption that fine particles are evenly distributed in the void
space of the coarse particle skeleton.  This assumption is valid for aggregates with enough fine
particles to fill the coarse particle void space.  The validity of this assumption is called into
question for aggregates that have insufficient fine particles to completely fill the coarse fraction
void space.  This is difficult to quantify and likely accounts for some of the remaining scatter in
the data.

Figure 29.  Fine fraction void ratio (ef) versus permeability.

Several other correlations were examined using Cu, Cc, and d10; however, none of these
other parameters were effective at reducing R2.  This suggests that hydraulic properties of an
aggregate rely more heavily on pore parameters than particle parameters.  According to Equation
(5), ef is a function of e and F, which is derived from the grain size distribution (percent fines
based  on  the  No.  10  sieve).   Aggregate  compaction  is  often  specified  as  some percentage  of  a
maximum laboratory determined density, or unit weight.  Based on the data evaluation and
logarithmic regression shown in Figure 29, the following equation is presented for estimating
permeability for base course materials used by MDT:
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where, k is the permeability in cm/s, F is the percent material finer than the No. 10 sieve, Gs is
the specific gravity, w is  the unit  weight of water in pcf, d max is the maximum unit weight in
pcf, and RC is the relative compaction.

y = 0.1732Ln(x) + 1.8629
R2 = 0.6213

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

0.001 0.010 0.100 1.000

Permeability (cm/s)

Fi
ne

 F
ra

ct
io

n 
Vo

id
 R

at
io

 (e
f)



Results & Analysis

Western Transportation Institute 37

This equation could be useful for comparing the hydraulic properties of base course
aggregates, for estimating the hydraulic properties of materials that are out of specification, or to
determine the maximum amount of material passing the No. 10 sieve to achieve a particular
minimum k.

Equation (6) can be re-arranged to compute F (the maximum amount of material passing the
No. 10 sieve) if Gs, d max, the required RC, and the required minimum k are all known.  This is a
useful application of the equation for developing material specifications, and is presented as:
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
−





+
= 1

83.1ln17.0
1

maxd

ws

RC
G

k
F

γ
γ

(7)

The following steps outline the calculation procedure:

1. Determine dmax from either maximum index density or modified Proctor testing.
2. Assume a value for RC.  MDT commonly uses 0.95 to 0.98.

3. Measure Gs in the lab, or assume a value of about 2.7.
4. Select a minimum value of k.  This value should be selected so that it is practically

achievable, and will provide adequate drainage capacity.  Table 14 shows AASHTO
(1993) design guide recommended minimum permeabilities.

5. Substitute the above parameters into Equation (7) to determine the maximum amount of
material passing the No. 10 sieve.

Table 14.  1993 AASHTO Minimum Permeability Recommendations
Minimum Permeability

Quality of Drainage
ft/hr cm/s

Time to Drain

Excellent 41.67 0.353 2 hours
Good 3.54 0.030 1 day
Fair 0.46 0.004 1 week
Poor 0.02 0.0002 1 month
Very poor 0.0008 0.00007 Water will not drain
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Following is an example calculation.

1. dmax is determined from maximum index density testing to be 138 pcf.
2. The required degree of RC is assumed to be 0.98, as is commonly used by MDT for the

base course.
3. Gs is determined from laboratory testing to be 2.70.

4. A minimum value of k is assumed to be 0.01 cm/s because it is practical and achievable
for these materials based on Figure 29, and will provide fair to good drainage based on
the minimum values provided in Table 14.

5. The values are substituted into Equation (7) and F is calculated.

235.01
24.135
48.168

047.1
11

)138)(98.0(
)4.62)(70.2(
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Solution: For this material, there can be a maximum of 23.5% of material passing the No.
10 sieve to ensure the desired minimum k is achieved.
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4 SUMMARY & CONCLUSIONS
This report details a laboratory analysis of three different grades of MDT aggregates.  Two

of these grades were crushed base course materials (CBC-6A and CBC-5A) and the other grade
was a crushed top surfacing material (CTS-2A).  CTS materials have smaller maximum particle
sizes than CBC materials because they are intended for different uses.  CBC materials are used
as full depth base course aggregate layers, while CTS materials are typically used in relatively
thin lifts over the CBC aggregate layer to provide a smooth flat surface for the placement of
asphalt concrete.

The primary goal of this laboratory analysis was to quantify differences in engineering
properties of these three material types.  This information could be used to alleviate confusion
among designers and District personnel regarding differences in customary practices, and to
provide valuable information to construction personnel when faced with requests by contractors
to change or substitute aggregate types.

The engineering properties examined in this study were: compaction, durability, strength,
stiffness, and drainage.  These properties were quantified by synthesizing and analyzing results
from the following laboratory tests:

Ø geotechnical index tests,
Ø direct shear,
Ø R-value,
Ø permeability, and
Ø Los Angeles abrasion/degradation.

Statistical analyses of average values based on material type were conducted using the two
sample t-test to determine if apparent trends in measured laboratory test results represented true
differences between aggregate types.

Direct shear tests were performed to quantify the strength and stiffness of the materials.
Several parameters were quantified during this testing including the initial stiffness (ki), the
secant stiffness (ku), and the effective friction angle (φ′).  Another test that is used to quantify the
strength  and  stiffness  of  a  material  is  the  R-value  test.   The  R-value  test  is  used  by  MDT  to
evaluate the stiffness, strength, and stability of subgrade and base materials.  All R-value tests
were completed by MDT at their Helena materials testing lab.  Trends in comparing average
values of these various strength/stiffness parameters based on material type are summarized in
Table 15.

In summary, the CBC-6A aggregates generally exhibited the highest strength and stiffness
of the three material types.  The CBC-6A aggregates exhibited higher ki and ku values than both
the CBC-5A and CTS-2A material types.  On average, the CBC-6A aggregates exhibited higher
φ′ values  and  higher  R-values  than  the  CTS-2A  materials.   In  terms  of  strength  parameters
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measured from direct shear tests, there was no statistically significant difference between CBC-
5A and CTS-2A materials.  The CBC-6A and 5A materials exhibited similar average R-values,
which were both slightly greater than the CTS-2A materials.  Overall, the CTS-2A materials
generally exhibited the lowest average strength and stiffness.  Although this material was the
poorest performer when compared to the two CBC materials, it still exhibited relatively high
strength and stiffness.

Table 15.  Summary of Key Test Results
ki ku φ′ R-value Permeability

6A > 5A 6A > 5A 6A = 5A 6A = 5A 6A > 5A
6A > 2A 6A > 2A 6A > 2A 6A > 2A 6A = 2A
5A = 2A 5A = 2A 5A = 2A 5A > 2A 5A < 2A

Drainage  capacity  was  quantified  using  saturated  constant  head  permeability  tests.   There
was some scatter in the measured permeability (k) results; however, trends based on material
type averages could still be statistically discerned, as summarized in the last column of Table 15.
The CBC-6A and CTS-2A materials exhibited the highest average k values, while the CBC-5A
materials exhibited the lowest.  Permeability was shown to depend more on the fine fraction void
ratio (ef) than on aggregate type or maximum particle size.  A method of predicting k based on ef

was developed, which will  allow MDT designers to estimate k based on gradation and state of
compaction.  This equation could be useful for comparing the hydraulic properties of base course
aggregates, for estimating the hydraulic properties of materials that are out of specification, or to
determine the maximum amount of material passing the No. 10 sieve to achieve a particular
minimum k.

LA abrasion testing was performed to quantify the durability of the aggregates.  CBC-5A-
Missoula and CTS-2A-Havre did not meet MDT durability specifications based on LA Abrasion
testing.  Results from the LA abrasion tests did not show any trends with regard to material type.
It is hypothesized that the durability measurement in this test depends heavily on the mineralogy
of the aggregate.

Based  on  the  results  from  strength,  stiffness,  and  drainage  testing,  the  CBC-6A  materials
were generally the best performers in this study.  The CBC-5A aggregates generally exhibited
the second highest  strength and stiffness,  but also had the lowest drainage capacity.   The CTS-
2A aggregates generally exhibited the lowest strength and stiffness, but had relatively good
drainage capacity.  The ability to substitute CTS-2A material for CBC aggregates depends on the
relative importance that is assigned to strength, stiffness, and drainage in the pavement design
model.
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APPENDIX A.  MDT GRAIN SIZE DISTRIBUTION ANALYSIS PLOTS
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 Figure A 1.  CBC-6A gradation results from MDT soils lab.

 Figure A 2.  CBC-5A gradation results from MDT soils lab.
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 Figure A 3.  CBC-5A gradation results from MDT soils lab.
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APPENDIX B.  R-VALUE TEST REPORTS
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Figure B 1.  R-value test report for 2A-Havre.
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Figure B 2.  R-value test report for 2A-Glendive.
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Figure B 3.  R-value test report for 2A-Missoula.
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Figure B 4.  R-value test report for 2A-Lewistown.
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Figure B 5.  R-value test report for 2A-Billings.
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Figure B 6.  R-value test report for 5A-Missoula.
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Figure B 7.  R-value test report for 5A-Kalispell.
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Figure B 8.  R-value test report for 5A-Great Falls.
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Figure B 9.  R-value test report for 6A-Missoula.
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Figure B 10.  R-value test report for 6A-Glendive.
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Figure B 11.  R-value test report for 6A-Billings.
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Figure B 12.  R-value test report for 6A-Great Falls.
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Figure B 13.  R-value test report for 6A-Butte.



Appendix B

Western Transportation Institute 60

Figure B 14.  R-value test report for 6A-Kalispell.
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APPENDIX C.  SHEAR STRESS-DISPLACEMENT PLOTS



Appendix C

Western Transportation Institute 62

Figure C 1.  Shear stress-displacement plots for 5 psi normal stress: a) 6A samples, b) 5A
samples, and c) 2A samples.
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Figure C 2.  Shear stress-displacement plots for 10 psi normal stress: a) 6A samples, b) 5A
samples, and c) 2A samples.

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Displacement (in)

Sh
ea

r S
tr

es
s 

(p
si

)

6A Billings, Dr=69.4%
6A Glendive, Dr=72.2%
6A Missoula, Dr=59.7%
6A Butte, Dr=59.2%
6A Great Falls, Dr=62.0%
6A Kalispell, Dr=68.9%

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Displacement (in)

Sh
ea

r S
tr

es
s 

(p
si

)

5A Missoula, Dr=78.6%
5A Great Falls, Dr=68.5%
5A Kalispell, Dr=70.8%

0

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Displacement (in)

Sh
ea

r S
tr

es
s 

(p
si

)

2A Billings, Dr=82.4%
2A Glendive, Dr=82.9%
2A Lewistown, Dr=79.2%
2A Havre, Dr=85.3%
2A Missoula, Dr=89.0%

a)

b)

c)



Appendix C

Western Transportation Institute 64

Figure C 3.  Shear stress-displacement plots for 15 psi normal stress: a) 6A samples, b) 5A
samples, and c) 2A samples.
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