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Abstract: The U.S. Army Cold Regions Research and
Engineering Laboratory (CRREL) conducted resilient
modulus fests on materials from the Mn/ROAD test site
for the Minnesota Department of Transportation. Mate-
rials tested included samples of the lean clay subgrade
at the site and the two exireme grades of base de-
signed specifically for Mn/ROAD. Some specimens were
tested in both frozen and subsequently “thawed” condi-
tions; others were tested af room temperature without
ever having been frozen. Researchers performed linear

regression analysis on the data to develop equations
that predict frozen modulus based on unfrozen water
content and unfrozen modulus based on stress, de-
gree of saturation and density. We also reanalyzed
datfa from two previously tested materials. CRREL can
use the study’s equations in the Mechanistic Pavement
Design and Evaluation Procedure under development
at CRREL to predict estimated damage in some Mn/
ROAD fest sections.
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PREFACE

This report was prepared by Dr. Richard L. Berg, Research Civil Engineer
(retired), Susan R. Bigl, Research Physical Scientist, Jeffrey A. Stark, Supervisory
Civil Engineering Technician, Civil and Geotechnical Research Division, Research
and Engineering Directorate, and Glenn D. Durell, Engineering Technician, Engi-
neeing Resources Branch, Technical Resources Center, U.S. Army Cold Re-
gionsResearch and Engineering Laboratory (CRREL), Hanover, New Hampshire.

This work was funded through Agreement 64632, Task Araéth the Minne-
sota Department of Transportation (Mn/DOT) and a Construction Productivity
Advancement Research (CPAR) project between Mn/DOT and CRREL. The authors
thank George Cochran of the Minnesota Road Research Project and Dr. Vincent
Janoo of CRREL for technically reviewing the manuscript of this report.

This report covers results from the subgrade and two base materials available in
1990 and is considered Phase 1. Additional materials were manufactured later and are
described separately as Phase 2 results.

The information reported here is the result of work done by a team of CRREL
personnel whose efforts we greatly appreciate. Arthur Peacock, Brian Charest, and
David Carbee were allinvolved in molding, freezing, and milling the specimens. Dale
Bull conducted some of the resilient modulus testing. Brian Charest characterized the
water content and density subsequent to resilient modulus testing.

The contents of this report are not to be used for advertising or promotional
purposes. Citation of brand names does not constitute an official endorsement or
approval of the use of such commercial products.
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EXECUTIVE SUMMARY

Laboratory resilient modulus tests were conducted on pavement materials from the
Minnesota Road Research Project (Mn/ROAD) to characterize their behavior under
seasonal frost conditions, and to provide input necessary for modeling the materials
with the Mechanistic Pavement Design and Evaluation Procedure under develop-
ment at CRREL. Results of other tests to characterize their physical properties (grain-
size distribution, specific gravity, Atterberg limits, organic content, hydraulic prop-
erties, and compaction) as well as tests more specifically related to freeze/thaw
processes (frost susceptibility and unfrozen moisture content) are reported separately
(Bigl and Berg 1996a).

The materials reported on here include two samples of the clay subgrade from
beneath the Mn/ROAD site (the high-heaving sample 1206 and the low-heaving
sample 1232) and the two bases with the least (class 6 special) and greatest (class 3
special) amounts of the fine fraction. When this testing was performed, the two bases
with intermediate amounts of fines (class 4 special and class 5 special) were
unavailable. However, to conduct subsequent modeling with the Mechanistic Pave-
ment Design and Evaluation Procedure, it was necessary to approximate their
behavior using properties of similar materials. Therefore, this report includes modu-
lus test results conducted previously on materials most closely matching the specified
size gradations of the class 4 and class 5 special subbases. A subbase from taxiway
A atthe Albany, New York, airport (Cole et al. 1987) substituted for the class 4 special
subbase; dense-graded stone, from a Winchendon, Massachesesite (Cole et
al. 1986) substituted for the class 5 special.

Specimens of the materials were molded at a specified moisture/density condition
and then saturated. Once saturated, they were frozen with an open system, allowing
movement of any additional water required to the freezing front. Specimens were
tested using repeated load triaxial procedures at a matrix of applied confining and
deviator stresses. Testing was first conducted at three temperatures below freezing,
and then specimens were allowed to thaw in the triaxial device and subsequently
retested in a thawed, saturated state. The same specimens of the base materials were
subsequently tested at room temperature under several moisture contents created by
drawing a suction at the base of the specimen. To obtain unfrozen data for the
subgrade materials, different specimens were molded to specific moisture conditions
and tested at room temperature without ever having been frozen. A different testing
machine was used for the unfrozen specimens of the 1206 subgrade than for all other
testing. It was discovered after testing was complete that these data include a
calibration error of unknown magnitude that produced moduli about an order of
magnitude too high.

All materials exhibited a two to three order of magnitude increase in resilient
modulus at subfreezing temperatures dfG-and lower. The modulus of all of the
materials was stress dependent and also showed a lower magnitude increase as the
degree of saturation decreased. For the materials where a variety of densities were
tested, modulus was also dependent on density.

The resilient modulus data from the materials tested in this study were analyzed
using statistical regression techniques. Data from the two previously tested materials
were also reanalyzed. In the regression analysis, the resilient modulus was the



dependentvariable. For the frozen condition, a function of the unfrozen water content
was the independent variable; for the thawed/unfrozen condition, various forms and
combinations of stress, density, and degree of saturation were the independent
variables. The equations resulting from this analysis have been subsequently utilized
in the CRREL Mechanistic Pavement Design Procedure to predict estimated damage
in some of the test sections at MN/ROAD. Results of the modeling effort are described
in Bigl and Berg (1996b). Another report in this series (Bigl and Berg 1996c¢)
summarizes all the testing and modeling results.

Vi



Resilient Modulus Testing of
Materials from Mn/ROAD, Phase 1

RICHARD L. BERG, SUSAN R. BIGL, JEFFREY A. STARK AND GLENN D. DURELL

INTRODUCTION reanalyzed. In the regression analysis, the resil-
ient modulus was the dependent variable and vari-
This report describes resilient modulus testing ous forms and combinations of stress, density, and
that CRREL conducted on materials from Mn/ degree of saturation were the independent vari-
ROAD for the Minnesota Department of Trans- ables. The equations resulting from this analysis
portation (Mn/DQOT). Results of other tests to de- have been subsequently utilized in the mechanis-
termine physical and behavioral characteristics aretic pavement design procedure under development
reported separately (Bigl and Berg 1996a). The at CRREL to predict estimated damage that would
materials tested included samples of the subgradeoccur in some of the Mn/ROAD test sections. Re-
at the site and the two extreme grades of base andults of the modeling effort are described in Bigl
subbase designed especially for MNn/ROAD: classand Berg (1996b).
6 special, a clean base material, and class 3 spe-
cial, a subbase material with a high percentage of
fines. Some specimens were tested in both frozen METHODS
and subsequently thawed conditions; others were
tested at room temperature without ever having Materials/conditions tested
been frozen. Two intermediate grades of base— The materials tested included the two extreme
class 4 special, class 5 special, and an R-70grades of base—class 6 special and class 3 spe-
subgrade—were manufactured later and results ofcial, and the 1206 and 1232 subgrade samples that
their testing are described in Berg (in prep.). represent, respectively, the high- and low-heaving
The resilient modulus tests were conducted us-sandy lean clay (CL) subgrades. Specimens of the
ing repeated-load triaxial test procedures describecbase materials were tested in a frozen saturated
by Cole et al. (1985, 1986). The tests involve condition at three temperatures (class 6 special at
applying a confining pressure to a cylindrical speci- -5.C°, —=3.0°, and —2.0C; class 3 special at —7,0
men within a cell, while also applying a cyclical -5.0°, and —-2.0C). The same specimens were
loading of a deviator stress to the top end of thesubsequently warmed to above freezing and tested
specimen. The resilient modulus is defined as theagain at various thawed conditions in a range of
applied deviator stress divided by the recovered moisture levels created by drawing a suction at
strain upon unloading (the resilient axial strain) the base of the specimens. Frozen, saturated
for a representative loading cycle. subgrade specimens were similarly tested at three
Linear regression analyses were performed ontemperatures below freezing (-7.0-5.C, and
the resilient modulus data from the materials tested-2°C) and also tested subsequently in a thawed,
in this study. Data from two previously tested ma- saturated state at room temperature. To acquire
terials that are similar to the intermediate gradesabove-freezing resilient modulus data for the
of base/subbase materials (class 4 special and classubgrade samples at various moisture contents,
5 special) that will be used at Mn/ROAD were we molded specimens to specified conditions and



Table 1. Samples tested for resilient modulus. special plates that could circulate tempera-

ture-regulated fluid at the top and bottom.
Never 1he bottom porous plate allowed move-
Material Frozen Thawed frozen Ment of any additional water required for
open system freezing. The fluid tempera-
tures were set to allow freezing from the

Condition

Sandy lean clay subgrade (CL)

1206 (high heave) 4 T4 24 :
1232 (low heave) 8 3 18 top down at the ra_te of about 2.5 cm (1_|n.)
R per day. The specimens were frozen with a
Class 3 stockpile 5 4 surcharge of 3.4 kPa (0.5 IbAn). placed
Class 6 stockpile 7 5 on the upper cold plate; this weight simu-

lates the weight of a 15.2-cm (6-in.)-
Total 24 42 thick asphalt concrete pavement surface.

* Same samples were tested in the frozen and thawed condition After freezing was complete, the speci-
T Samples tested only in the thawed, undrained condition men ends were trimmed to assure that they
" Thawed samples were tested at several moisture contents were smooth and flat. For the subgrade

specimens, this was done by milling the
tested at room temperature. We refer to these as ands flat. For the base and subbase materials, we
“never frozen” specimens. Specimens of the low- made a slurry of fine material that was placed in
heaving subgrade (1232) included replicates of cystom-made equipment similar to that used for
various moisture contents at a single density; for capping concrete specimens with molten sulfur.
the high-heaving subgrade (1206), replicates wereThe slurry was then frozen to the ends of the
made with variation in both moisture and density specimen and milled flat and smooth.

conditions. A total of 66 specimens were prepared  Subgrade specimens tested at room tempera-

(Table 1). ture without being frozen were molded at the speci-
. . fied moisture/density levels, trimmed with a knife,
Specimen preparation and tested immediately. For the Sample 1232

The specimen size used for the subgrades andybgrade, the density was held constant at about
the class 3 special subbase was 5.1 cm (2 in.)1 76 Mg/n® (110 Ib/ff) and the moisture content
diam. and 12.7 cm (5 in.) long. The coarser class 6yas varied from 13% to a saturated value of 20%,
special material was tested using specimens meapy weight (Table 2). For the 1206 subgrade, speci-
suring 15.2 cm (6 in.) in diam. and 39.4 cm (15.5 mens were prepared at three compactive efforts,
in.) in length. Gradation curves and other physical with moisture contents intended to be at three
properties of these materials are in Bigl and Berg conditions: optimum, 2% above optimum, and 2%

(19964a). below optimum (Table 2).
Specimens that were tested in frozen/thawed

conditions were first molded at the specified mois- Test procedures

ture/density condition, which was usually at opti-  The resilient modulus tests were conducted us-
mum as determined from the compaction testing. ing repeated-load triaxial test procedures, the de-
The subgrade specimens were compacted with &ajls of which are described in reports by Cole et
CE-12 (Standard Proctor) compaction effort, while g|, (1985 and 1986). Testing was accomplished in
the class 3 special and class 6 special were comtriaxial cells that were constructed to accommo-
pacted with a CE-55 (Modified Proctor) effort to  date the instrumentation used to monitor load and
approximate anticipated in-situ conditions (Table deformation (Fig. 1). Separate cells were used for
2). The specimens were then prepared in a mannefhe 5.1- and 15.2-cm (2- and 6-in.)-diam. specimens.
similar to the procedure used in the frost suscepti-The triaxial cells were designed so that the cell base
blllty test (Chamberlain 1987) They were set on a could be removed from the rest of the ma]e“
special base with a porous stone and saturateomponents. In this way, a specimen could remain
from the base up with a constant head water sup-on its base while the remainder of #ssembly was
ply. Once saturated, the specimens and their poysed on other specimens in a rotating sequence. A
rous-stone bases were positioned with two otherminiature, high-precision load cetiounted in the

2



triaxial cell on the loading piston was used to clamped around the specimen. Radial deforma-
monitor the load applied to the specimen. tion was also monitored using three noncontacting

The axial deformation was monitored using two multi-VITs (variable impedance transducers)
LVDTs, or linear variable displacement transduc- spaced evenly around the specimen at its mid-
ers, mounted on hinged arms. The LVDT assem-point. These pointed at small aluminum foil tar-
blies were mounted on two circumferential rings gets positioned on the specimen.

Table 2. Resilient modulus samples tested.

Subgrade 1206 Subgrade 1232
Dry density ~ Water content Dry density  Water content
No. Mg/n? (Ib/ft3) (% by wt) No. Mg/m(Ib/ft3) (% by wt)
Never frozen Never frozen
5K Compactive effort* CE 55 Compactive effort
18A 1.77 (110.3) 13.7 14A 1.76 (109.8) 13.1
18B 1.72 (107.4) 15.9 14B 1.78 (111.4) 12.9
18C 1.69 (105.3) 16.1 14C 1.78 (111.4) 13.0
21B 1.70 (106.4) 19.7 15A 1.78 (111.0) 14.4
21C 1.70 (106.1) 17.3 15B 1.77 (110.8) 14.1
15C 1.79 (112.0) 13.8
22A 1.69 (108.4) 19.0 15D 1.77 (110.3) 14.3
22B 1.73 (108.0) 19.1
22C 1.74 (108.6) 18.3 16A 1.76 (109.9) 15.7
16B 1.75 (109.0) 15.7
CE 12 Compactive effort 16C 1.76 (110.0) 15.6
16A 1.69 (105.6) 13.5 16D 1.77 (110.7) 15.5
16B 1.67 (104.4) 14.1
16C 1.89 (118.1) 14.3 18A 1.75 (109.3) 17.5
18B 1.75 (109.5) 17.5
18A 1.69 (105.4) 17.4 18C 1.76 (109.9) 17.5
18B 1.71 (106.9) 15.9 18D 1.76 (110.0) 17.2
18C 1.72 (107.3) 15.9
S1 1.70 (106.1) 20.5
20A 1.69 (105.8) 18.5 S2 1.68 (104.7) 21.3
20C 1.70 (106.1) 17.8 S3 1.70 (106.3) 20.3
CE 55 Compactive effort Frozen/thawed (saturated)
13A 1.74 (108.5) 11.0 CE 12 Compactive effort
13B 1.68 (105.1) 10.6 M4-1A 1.73 (107.8) 18.9
M4-1B 1.72 (107.5) 18.8
15A 1.88 (117.3) 13.9 M4-2A 1.71 (106.6) 19.3
15B 1.82 (113.9) 13.4 M4-2B 1.72 (107.6) 18.3
15C 1.85 (115.7) 13.5
M6-1A 1.69 (105.6) 18.9
17A 1.82 (113.9) 14.9 M6-1B 1.72 (107.1) 19.2
17B 1.86 (116.1) 14.9 M6-3A 1.68 (104.7) 19.4
17C 1.84 (114.9) 14.4 M6-3B 1.68 (104.7) 20.2

Frozen/thawed (saturated)
CE 12 Compactive effort

M5-1A 1.71 (106.5) 22.6
M5-1B 1.67 (104.1) 24.1
M5-2A 1.68 (104.6) 23.4
M5-2B 1.70 (106.0) 22.8

* 5K compactive effort = 5,000 ft-IbAtapplied in layers similar to the CE 12 and CE 55 test methods.
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Table 2 (cont’'d). Resilient modulus samples tested.

Class 3 Subbase

Class 6 Base Course

Dry density Water content Dry density ~ Water content
No. Mg/n? (Ib/ft3) (% by wt) No. Mg/ (Ib/f3) (% by wt)
Thawed Thawed
CE 55 Compactive effort CE 55 Compactive effort
Class 3-1 2.11 (131.5) 7.2 Class 6-2 2.08 (130.0) 9.6
2.12 (132.1) 3.3 2.08 (130.0) 6.0
2.12 (132.3) 0.8
Class 6-3 2.06 (128.4) 10.1
Class 3-2R  2.13 (132.7) 5.1 2.06 (128.4) 8.9
2.12 (132.6) 3.2 2.09 (130.7) 7.3
2.12 (132.3) 0.8
Class 6-4 2.09 (130.6) 9.5
Class 3-3 2.09 (130.4) 8.3 2.09 (130.6) 7.5
2.10 (131.2) 6.7 2.14 (133.8) 7.2
2.10 (130.9) 2.1 2.14 (133.8) 6.5
2.10 (131.4) 14
Class 6-5 2.06 (128.7) 9.3
Class 3-4 2.08 (129.6) 9.3 2.06 (128.7) 7.1
2.09 (129.8) 7.9 2.05 (128.2) 5.1
2.09 (130.5) 4.0 2.05 (128.2) 4.8
2.10 (131.0) 2.4 2.10 (131.0) 2.4
Frozen Class 6-6 2.13(133.1) 8.9
Class 3-1 2.06 (128.3) 7.6 2.18 (136.0) 4.9
Class 3-2 2.09 (130.7) 6.2 2.18 (136.0) 4.4
Class 3-3 2.03 (126.5) 9.3 2.14 (133.3) 1.6
Class 3-4 2.02 (125.8) 10.1 2.14 (133.8) 0.7
Class 6-9 2.10 (134.2) 8.2
2.08 (136.2) 7.0
2.06 (136.2) 6.1
2.09 (136.2) 5.4
2.17 (135.3) 4.0
2.17 (135.3) 14
2.18 (136.3) 0.5
Frozen
Class 6-1 2.10 (130.9) 9.4
Class 6-2 2.08 (130.0) 9.6
Class 6-3 2.06 (128.4) 10.1
Class 6-4 2.09 (130.6) 9.5
Class 6-6 2.13 (133.1) 8.9
Class 6-9 2.15 (134.2) 8.2

The specimen was first positioned on one of theover the first to protect the multi-VITs. Themain-
cell bases with an aluminum cap placed on topder of the instrumentation was then attached to
It was then encased in a thin latex membrane withthe specimen and cell in the necessary positions.
O-rings at the top and bottom. The aluminum foil Once the cell was assembled, the specimen was
targets for the multi-VITs were secured to this first tested in repeated-load triaxial compression using

membranethen a second membrane walaced

a closed-loop, electrohydraulic testing machine.



Figure 1. Examples of triaxial cells. Cells for 15.2- (left) and 5.1-cm-diam. specimens.

—2.0°C (23.0, 26.6 and 28.58F); all other
specimens were tested at —<7:6.C, and
—-2.0°C (19.5, 23.0 and 28.8F). The cy-

le—1s—>le— 25— & clical deviator stress was applied at each
Figure 2. Waveform used in Mn/ROAD resilient modulugeSt pomt until the resilient ?X'a' strain
testing. remained a constant v_alue, which occurred
at about 70-100 applied cycles.
Once the tests on the frozen specimens
For this study, the waveform used to apply the were completed, they were allowed to thaw in the
cyclic deviator stress was the waveform shown in triaxial device and subsequently retested in a
Figure 2. The pulse lengthapproximately 1 sec- thawed, saturated state. For the coarser-grained
ond with 2 seconds between pulses. Tabli#Ba materials, the specimens were then allowed to drain
trates the sequence of stress conditions applied ton place, and tested again. Increasing amounts of
the unfrozen specimens, whether thawed or neversuction were applied to the base and subbase speci-
frozen. We applied only the stress combinations mens to bring them to various moisture states, and
that would avoid excessive permanent strains inadditional test points were determined.
the specimens (5% decrease in axial length), de-
pending on the moisture condition and estimated Previously tested materials
available strength. The frozen specimens were In order to conduct the follow-on modeling of
tested holding the confining pressure constant atpredicted damage at the test sections of the Mn/
69 kPa (10 Ib/irf) and varying the deviator stress ROAD facility, resilient modulus characterization
as shown in Table 3b. The frozen specimens werewas needed for two additional Mn/DOT subbase
tested at three temperatures: class 6 special specmaterials, class 4 special and class 5 special. We
mens were tested at approximately <5-3.C, and looked through CRREL’s collection of material




Table 3. Stress conditions of resilient modulus tests

in current study.

Confining pressure

Deviator stress

Table 4. Stress conditions of resilient modulus tests—
previous study.

Stress ratio  Confining pressure  Deviator stress Stress ratio

o3, kPa (Ib/in?) gy, kPa (Ib/in?) (0,03 03, kPa (Ib/in?) gy, kPa (Ib/in?) (0,103
a. Thawed or never-frozen specimens a. Thawed specimens
48.3 (7) 48.3 (7.0) 2.0 6.9 (1) 3.4 (0.5) 15
48.3 (7) 34.5 (5.0) 1.7 13.8 (2) 6.9 (1.0) 1.5
48.3 (7) 27.6 (4.0) 1.6 27.6 (4) 13.8 (2.0) 1.5
48.3 (7) 20.7 (3.0) 14 48.3 (7) 24.1 (3.5) 1.5
48.3 (7) 13.8 (2.0) 13 69.0 (10) 34.5 (5.0) 15
48.3 (7) 6.9 (1.0) 1.1
483 (7) 3.4 (0.5) 11 6.9(1) 6.9 (1.0) 2.0
13.8 (2) 13.8 (2.0) 2.0
27.6 (4) 48.3 (7.0) 2.8 27.6 (4) 27.6 (4.0) 2.0
27.6 (4) 34.5 (5.0) 2.3 48.3 (7) 48.3 (7.0) 2.0
27.6 (4) 27.6 (4.0) 2.0 69.0 (10) 69.0 (10.0) 2.0
27.6 (4) 20.7 (3.0) 1.8
27.6 (4) 13.8 (2.0) 15 6.9(1) 10.3(1.5) 2:5
27.6 (4) 6.9 (1.0) 13 13.8 (2) 20.7 (3.0) 2.5
27.6 (4) 3.4 (0.5) 11 27.6 (4) 41.4 (6.0) 2.5
48.3 (7) 72.4 (10.5) 25
13.8 (2) 34.5 (5.0) 3.5 69.0 (10) 103.4 (15.0) 2.5
13.8 (2) 27.6 (4.0) 3.0 .
13.8 (2) 20.7 (3.0) 25 b. Frozen specimens
13.8 (2) 13.8 (2.0) 2.0 69 (10) 60 (9) -
13.8 (2) 6.9 (1.0) 1.5 69 (10) 138 (20) -
13.8 (2) 3.4 (0.5) 13 69 (10) 207.(30) -
69 (10) 276 (40) —
6.9 (1) 34.5 (5.0) 6.0 69 (10) 345 (50) -
6.9 (1) 27.6 (4.0) 5.0 69 (10) 483 (70) -
6.9 (1) 20.7 (3.0) 4.0 69 (10) 621 (90) -
6.9 (1) 13.8 (2.0) 3.0 69 (10) 827 (120) -
6.9 (1) 6.9 (1.0) 2.0
6.9 (1)_ 34(05) 13 types for which resilient modulus data were avail-
b. Frozen specimens able and found the two materials that most closely
69 (10) 34 (5) - fit Mn/DOT’s specifications for size gradation (Fig.
gg (18) 1?)2 (ig) B 3). A dense-graded stone tested at a cooperative
69 Elog 138 EZO; : study in Winchendon, Massachusetts, most closely
69 (10) 207 (30) _ matched the specifications of the class 5 special
69 (10) 276 (40) _ material; a subbase material from taxiway A at the
69 (10) 345 (50) _ Albany, New York, airport most closely matched
69 (10) 483 (70) - the class 4 special specifications (Bigl and Berg
69 (10) 621 (90) -~ 1996a).
69 (10) 690 (100) - The methods used during the testing of these

Notes:

Thawed samples: each combination of stresses nor
mally used at each moisture condition.

materials were nearly identical to the methods of
this study. Details of the testing procedures for
dense-graded stone are described in Cole et al.

Frozen samples: each combination of stresses nor{1986) and the procedures for Albany taxiway A
mally used at each of three temperatures.

subbase are in Cole et al. (1987). Both materials
were molded into 15.2-cm (6-in.)-diam. specimens
in the laboratory from bulk field samples and then
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Figure 3. Comparison of Mn/DOT specifications with size gradations of substitute materials.

frozen from the top down at 2.5 cm (1 in.) per day ing had been based on characterizing the moisture
with open system freezing. This procedure differs level of the unfrozen material with the measured
from the current study in that the specimens weremoisture tension. The data were reanalyzed using
not saturated prior to freezing. Another difference degree of saturation as the indicator of moisture
in this prior testing is the sequence of stressescondition.
applied to the specimens (Table 4). In this case
also, the stress_ comblna_tlons applied were_tho_seDATA REDUCTION
that would avoid excessive permanent strains in oNp ANALYSIS
the specimens (5% axial length shortening).

The previous regression analysis of the resil- For each set of applied deviator and confining
ient modulus data obtained from this earlier test- stresses, the resilient and permanent axial and ra-



dial strains were recorded, and thus were used tal996a). It is related to the temperature in the form

calculate a resilient modulus and Poisson’s ratio.
The resilient modulus is defined as the applied

deviator stress divided by the strain recovered upon, erew,

unloading for a representative loading cycle, or
resilient axial strain. To calculate the resilient axial
strain, the measured resilient axial deformation is
divided by the gauge length over which it is deter-
mined. Poisson’s ratio is defined as the recover-
able radial strain divided by the recoverable axial
strain.

The following data were then tabulated in a
spreadsheet: confining stress, deviator stress, reg,
silient axial strain, resilient radial strain, density,
and moisture condition or temperature. The tables
in Appendix Acontain these data along with the
calculated results. The equivalent data for the pre-
viously tested materials are given in Appendix B.

_g=0/100 (-T/Tp)B; T<0°C (3)
u-g = gravimetric unfrozen moisture con-
tent, in decimal form
T =temperature5;C
T, =1.0°C
o andp = constants.

Table 5presents tha andp constants characteris-
tic of each material.
The first governing parameter we tried was
Wy g expressed as a decimal, which had been nor-
malized to the total gravimetric water content in
the samplewy, also expressed as a decimal. The
resulting equation was as follows:

My = Ky (Wy—g /)2,

(4)

These tables also show the actual stress combina-

tions applied to each specimen.

The frozen and unfrozen data were analyzed
separately using statistical regression techniques
The nonlinear form of the equation used to model
the resilient modulus was the same in both cases
as given by

(1)

whereK,; andK,are constants arfdlis a govern-
ing parameter. This equation was linearized by
taking the natural log of both sides, resulting in an
equation of the form

INM, = Ay + A InP, (2)

where Ay and A; are constants. To conduct the

M, = K;P"?

regression, the natural log of the modulus was set
as the dependent variable and the natural log of

the governing parameter was set as the indepen
dent variable. In this general case,

Ky=A and Ky=e’v,

Frozen

In attempting to represent the frozen data with
the general form eq 1, we tried three different gov-
erning parameters, all related to the unfrozen wa-
ter content of the material,,. The unfrozen water
content present in the materials at various tem-
peratures, expressed in gravimetric fonm
had been determined in earlier characterization
tests on the Mn/ROAD materials (Bigl and Berg

8

This governing parameter has a good physical ba-
sis. When the material is very cold and solidly
frozen, there is very little unfrozen water and the
ratio wy_¢w, is a small number (<< 1). When the
material is just below the freezing poim, 4w
approaches a value of 1. However, when this form
of the equation was used in the mechanistic de-
sign procedure (Bigl and Berg 1996b), the calcu-
lated amount of total water was often very high,
and the ratio of unfrozen water to total water was
unreasonably small. Therefore, other relationships
were considered.

Table 5. Constants for unfrozen
moisture content equations

Soll a B
Subgrade
- 1206 11.085 -0.274

1232 8.121 —-0.303
Class 3

Stockpile 1.497 —-0.709
Class 4

Taxiway A 3.0 -0.25
Class 5

Dense stone 2.0 —-0.40
Class 6

Stockpile 0.567 -1.115
* Values for these materials are esti-
mated



The two other forms that were used to repre- unit stress of 6.9 kPa (1.0 IbA.C,, C,, andC,
sent the unfrozen water content in the governingare constantsSis the degree of saturation, in %;
parameter of eq 1 were directiglated to the un- S is a unit saturation, 1.0%y is dry density, in
frozen water content, as follows:w,)_, expressed Mg/m3; andy, is a unit density (1.0 Mg/#. To
as a decimal, normalized to a unit unfrozen water conduct the regression analysis, we linearized this
content,w,, of 1.0; and 2) the volumetric unfro- equation to form
zen water contenty,_,, expressed as a decimal,

normalized to a unit unfrozen water contemj, INM, = Ay + A In(S/S)

of 1.0. The volumetric unfrozen water content was

determined with +AoIn(yg/Yo) + AgIn[f (o)) . 9)
Wy-v = Wy—g Vg (5) For a particular set of conditions, then

whereyy = dry density (Mg/rd). The resulting

=M A Ao =
equations with these terms substituted as the gov- Ky=e™ (S/S)™ (Aa/vo)™ and Ko =Ag.

erning parameter were: Three stress parameters were investigated to
K help characterize the stress dependence of the ma-
M; = Kl(Wu—g/WO) ? terials tested. These includdg the bulk stress
(or first stress invarianty,, the octahedral shear
M, = Ky(wyy /wp)<2. stress; and,/1,, the ratio of the second stress

invariant to the octahedral shear stress. In our re-
In analyzing the frozen resilient modulus data, peated-load triaxial test, wheeg = o3 ando; =

the value of the governing paramet-g / W, 03 + g, the functions are given as:
Wy—g / Wo, OF Wy_ /W, at each test point was de-
termined from the temperature (and total water Jy=303+0y

content, if necessary.) Then, regression analysis
was conducted to determine the relationship be-
tween these values and the measured resilient
modulus. Data from the thawed, undrained state
(assigned to be at a temperature just barely below?
freezing) were analyzed along with the frozen data.

nd

Iy Ty = 9042 i6030d
\V ZO'd

Thawed/never frozen

For the never frozen and thawed data, the gov-where J; =04 + 05 +03
erning parameter in the general form equation (eq
1) was set to be a stress function. The congtant J, =010, + 0,03 + 0103
was considered to be a function of the moisture
level expressed as the degree of saturation _in the Togt = %\J‘/(Gl —05)2 + (0, - 03)2(01 - 03)2 .
sample and, when a range of data were available,
the dry density. Thus, the general equation be-

We found that the bulk stress paramefg) fpro-

comes vided the best fit to the data for the class 6 special
M, = Kq[ f(0)] Kz (6) base material. The_ rati/t . was the stress pa-
rameter that best fit the data of the three subbases
which includes the term class 3 special, class 4 special, and class 5 special,
andt, best characterized the clay subgrades.
Ky = Co(S/ )% (7) We also analyzed the data from the class 6
or special base material in the thawed condition us-
Ky :CO(S/S))Cl(yd/yo)cz (8) ing an equation of the form
wheref(c) is a stress parameter normalized to a M, = K, e[ f(0)], (10)
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As before K; was considered to be a function of the frozen state. Also shown are the data for the
the degree of saturation and the dry density (eq 8)thawed, undrained condition, which are assumed
In this case, the stress paramei@s), was the  to be valid at a temperature df@and were in-
normalized bulk stresg,. This form of the equa- cluded as the warmest data point of the regression
tion was able to accommodate negative stress valanalyses. Superimposed on the data are lines show-
ues that were generated in the layered elastic analying the moduli predicted by the three types of
sis portion of the predictive model. regression equations. Where the predictive equa-
tion requires normalization to the total water con-
tent, that parameter was set to be the average value
RESULTS for all the specimens tested. For the predictive
equation with volumetric unfrozen water, the dry

General _ _ density was also set to be the average value for all
Appendices Aand Bgive a tabulation of all the 4 specimens tested.

laboratory test results of the frozen, thawed, and Figure 4shows that the frozen modulus does

never-frozen soil specimens. Appendix@ntains a1y primarily as a function of the unfrozen water
the data from the current study, which includes .,ntent A minor amount of variation results from
the two Mn/ROAD subgrade samples 1206 and ¢ yarious stress combinations acting on the speci-
1232, the class 6 special base, and the class 3,005 as shown from the vertical spread in the
special subbase. Appendix @ntains the data a5 at any particular temperature. To illustrate
determined previously from dense graded stone, s Figure Sshows the data from a few individ-

the substitute for Mn/DOT's class 5 special sub- 5 qeviator stress levels plotted separately for the
base, and from Albany, New York, taxiway A sub- subgrade samples.

base, the substitute for class 4 special subbase._ All three types of predictive equations appear
Data for the never-frozen 1206 subgrade speci-y, rgpresent the data fairly well. The moduli re-

mens were acquired on a different te_stlng Ma- sylting from the governing parameter, normalized
chine than all the other data. After testing of all y, yhe total water content, increases less rapidly
specimens was completed, we discovered that thiSyih gecreasing temperature at temperatures just
second machine was out of calibration, such thatbelOW freezing than do moduli from the other two
the moduli reported here are much higher thangq, ations. Unfortunately, the temperature varia-
they should be. However, data from the low density i5 of the environmental chamber of the testing

(CE 5)samples are close to moduli back-calcu- m,chine was too great to allow acquisition of data
lated from falling weight deflectometer (FWD) 5t temperatures close to the freezing point for the

tests on subgrade at the site during fall of 1991.* \;,/rRoAD materials. When the two substitute ma-
Table 6summarizes the equations that resulted igria|s were tested, a different chamber tempera-
from the regression analysis performed on the datay, ;e controlling system was used, and it was pos-

with the frozen and unfrozen equations given in gjpje to obtain data nearer to the freezing point. In
separate sections. The numbet ih Table 6re- these cases, shown in Figuresadd 4e, the pre-
fers to the number of points evaluated in the analy-gictive equations without normalization to total

sis. Each stress combinatiqn at a given rnoisturewat(_:.r appear to pass nearer to the center of the
level or temperature results in one dat_a point; thus,range of data collected at temperatures warmer
the test of a single specimen results in many datansn _2.oC.

points. The table also lists the coefficients of de-

S Figure 4also shows that the predictions from
termination (?) for these analyses.

the equations whose governing parameters are the
gravimetric and volumetric unfrozen water nor-
Frozen _ 3 malized to a unit unfrozen water are not very dif-

Figures 4athrough 4fillustrate the resilient  forent. predictions from the volumetric form rise
modulus data vs. temperature for each material injgqg rapidly at temperatures just below freezing,
- while at the colder temperatures, they are slightly
*D. Van Deusen, Mn/ROAD pers. comm. 1992 . larger than the gravimetric form.
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Table 6. Results of regression analyses—test soils from Mn/ROAD.

A. Frozen condition.

Std
Material Equation |, in Ib/in 2)* n r2 error
Clay subgrade sample 1206 (565)
Frozen M, = 1,087 (w,)™>29 207 0.99 0.319
Frozen M, =1,049f (w,_q) 234 207 0.99 0.275
Frozen M, =1,052f (w,_,) 2% 207 0.99 0.262
Clay subgrade sample 1232 (566)
Frozen M, = 905f (w,) 482 244 0.98 0.378
Frozen M, =846 (w,_q) 2161 244 0.98 0.423
Frozen M, = 848f (w,_,) 2633 244 0.98 0.394
Class 3 “stockpile”
Frozen M, =5,824f (w,) 20% 186 0.97 0.491
Frozen M, = 5,488 (w,_q) 207 210 0.97 0.507
Frozen M, =5,542f (w,_, ) +24 186 0.97 0.467
Class 4 (taxiway A subbase)
Frozen M, =2,826f(w,) 5220 69 0.92 0.835
Frozen M, =1,813f (w,_q) 173 85 0.93 0.885
Frozen M, =1,652f (w,_,) 2813 69 0.91 0.916
Class 5 (dense graded stone)
Frozen M, =11,320f (w,) 2936 28 0.97 0.404
Frozen M, =8,695f (w,_q) 12814 28 0.95 0.511
Frozen M, =9,245f (w,_,) 489 28 0.97 0.432
Class 6 “stockpile”
Frozen M, =19,924f (w,) 1243 260 0.98 0.372
Frozen M, =19,427f(wy_g) 07 260 0.98 0.338
Frozen M, =19,505f (w_, ) 089 260 0.98 0.341
Notes: n = number of test points flw,_) = w,_/w,
r2 = coefficient of determination w,,_, = volumetric unfrozen
M, = resilient modulus water content
f(S)= SIS o = stress (Ib/irf)
S= degree of saturation (%) f; (0) = J; /o,
S,=10% f, (0) = (IfT4e) /o,
fY) = YdlYo f3(0) = Toed9,
y4 = dry density (Mg/m) o, = 1.01b/in?
Y, = 1.0 Mg/m? J; = bulk stress (Ib/irf)
flwy) = wWi_g/W; J; =303+ 0y
Wyg= gravimetric unfrozen water content J, = 2nd stress invariant (Ib/#).
w, = gravimetric total water content J, = 30,2 + 20504

fWy_g = Wy_gWo Tyt = OCtahedral shear stress (Ibfjn.

W, = unit water content (1.0) Toot= (\/Z/S)od

*Qutput from equations can be converted to kilopascals through multiplying by 6.895
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Table 6 (cont'd). Results of regression analyses—test soils from Mn/ROAD.

B. Unfrozen condtion

Material Equation W, in Ib/in.2)* n r2 e?rtc()jr
Clay subgrade sample 1206 (565)

Never frozen M, =1,597,000f(S)"263 f(y)1442 f;(0)"0257 655 0.82 0.251
Clay subgrade sample 1232 (566)

Never frozen M, =1.518x10%0 f (5)~1385 £,(5)~0.272 451 095 0.328
Class 3 “stockpile”

Thawed M, = 283,300 (S) 1003 f,(5)0-206 408 0.86 0.520
Class 4 (taxiway A subbase)

Thawed M, =8.946 x 108 f (S) 3026 f,(5)02%2 149 0.86 0.168
Class 5 (dense graded stone)

Thawed M, = 382,400 (S) 08759 1, (¢)0-1640 64 077 0.164
Class 6 “stockpile”

Thawed M, =1,391f(S)~0-507 £ (y)404 £, (5)0-608 492 079 0.232

Thawed M, = 5,257 f(S) 0486 f ()405¢0.0193f(0) 492  0.76  0.249

*Qutput from equations can be converted to kilopascals through multiplying by 6.895
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Figure 5. Effect of stress on frozen resilient modulus.

Figure 6compares the modulus vs. tempera- choice of coefficients for the distribution of unfro-
ture for all the frozen Mn/DOT materials pre- zen water content with temperature.
dicted from the regression equations in Table 6,
with the governing parametevg, {w; andw,, . Unfrozen
At any given temperature, the subgrade specimens Figures 7a@hrough 7fshow the resilient modu-
have the lowest moduli. In general, the base andlus data vs. degree of saturation for the unfrozen
subbase moduli increase with decreasing amountsspecimens. For the two subgrade materddsa
of fines in the material. The curve for the class 5 are from specimens that were never frozen, and
special material has a slightly different shape thandata from the base/subbase materials are from
the rest, which is probably related to the estimatedspecimens that were thawed subsequent to freez-
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ing. Also shown is a line representing the pre- binations applied (Table 3a). In the case of the
dicted moduli resulting from the equations given 1206 subgrade and the class 6 special base, it also
in Table 6, at the mean stress level tested. Wheraelates to the variation in density. To show the
dry density is included in the equation, it was set influence of density in the 1206 subgrade data,
at the average value of all specimens tested. It carFFigure 8differentiates the data from three density
be seen in Figures 7a through 7f that moistureranges (high, medium, and low), along with the
level does influence the unfrozen moduli, but to corresponding predicted resilient moduli lines.

different degrees, depending on the material.

Note that the low density moduli are most repre-

The vertical spread in the data points at a par-sentative of moduli back-calculated from FWD
ticular degree of saturation (Fig. 7) is the result of deflections measured on site at Mn/ROAD.
the materials response to the different stress com- The effect of stress combinations is shown in
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Figure 6. Predicted frozen resilient modulus
for all MN/ROAD materials.

14

Figure 9for the low-density 1206 subgrade data,
and all of the 1232 subgrade and class 3 special
subbase data. The two subgrades display an in-
verse relationship between modulus and deviator
stress; the class 3 special subbase has a propor-
tional relationship between modulus and the stress
parameted,/T, .

Figure 10 demonstrates the relative influence
of the deviator stress and confining pressoeg (
on the modulus of a single 1206 subgrade speci-
men at 16.1% water content. The deviator stress
has the major influence, while confining pressure
produces only minor variations in the moduli. The
figure also includes a line of predicted resilient
moduli based on a regression analysis of these
data alone, in the form:

M, (Ib/ft?) = K; (09",

as well as the upper and lower 95% confidence
interval around the mean line. The confidence band
brackets the variation in modulus relateato

We generated several predicted curves for indi-
vidual samples as described above to isolate the
influence of moisture content and density, respec-
tively, on the resilient modulus of the 1206 sub-
grade material. Figure 11 shows the relationship
between modulus and deviator stress of specimens
with a similar density, but with different moisture
levels. It confirms the expected relationship that
the drier sample exhibits a higher modulus at simi-
lar stress conditions. Figure 12 compares two
samples with similar moisture, showing that the
higher density sample has higher moduli.

A comparison of the predicted modulus curves
generated by the equations in Table 6 for all the
materials studied is given in Figure 13. Among
the curves of the base/subbase materials, there is a
general increase in the predicted moduli as the
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Figure 7. Resilient modulus vs. degree of saturation for never frozen subgrade materials and thawed base/
subbase materials. Solid line represents calculated value based on mean condition of stress (and density
where included).
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lustrating the effect of dry density. error—see text.)
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stress condition only. As shown in Figure 9, stressFigure 9. Resilient modulus vs. degree of satura-
conditionsalso infuence resilienmodulus values.  tion illustrating effect of stress parameters.
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Figure 10. Resilient modulus vs. deviator stress apFigure 12. Resilient modulus vs. deviator stress ap-
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illustrate level of confining stress applied. Dashedfect of dry density. Dashed lines indicate band of 95%
lines indicate band of 95% confidence interval. confidence interval.
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Figure 11. Resilient modulus vs. deviator stress apFigure 13. Predicted moduli for all materials in unfro-
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A significant discontinuity between thawedX reexamined and findings will be reported in the
and 100% saturated modulus values is shown inPhase 2 report (Berg in prep.).
Figure 14a. As indicated previously, the differ-  For the granular base and subbase materials,
ence is probably due to miscalibration of the test- essentially no discontinuity is apparent between
ing equipment for the unfrozen data rather than anthe modulus of the thawed;© material and the
actual large difference in resilient modulus values same material at 100% saturation.
at these points. These data are currently being
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Figure 14. Comparison of frozen and unfrozen modulus data.
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APPENDIX A: Mn/ROAD MATERIALS RESILIENT MODULUS TEST RESULTS

[The paper version of this reportincludes 64 pages of data thatare
not reproduced here. Paper copies are available through the
National Technical Information Service. See the inside cover of
this report for ordering information.]
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APPENDIX B: SUBSTITUTE MATERIALS RESILIENT MODULUS TEST RESULTS

[The paper version of this report includes nine pages of data that
are not reproduced here. Paper copies are available through the
National Technical Information Service. See the inside cover of
this report for ordering information.]
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