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ABSTRACT

This research investigation, conducted by the Physical Research Unit of the Minnesota
Department of Transportation, began in 1971 to learn more about the behavior of Full-Depth
asphalt pavemants. The investigation has 26 test sections, each 1200 feet (365.8m) long, of a
variety of thicknesses, on a variety of soils. The thicknesses range from approximatety five
inches (12.7 cm) to 17% inches (445 cm) and soil types include AASHO soil classification
A-2-4s, A-3’s, A4’s, A-B's and A-7-B's. These soils include & stabilometer R-valie range of 5
to 75. The major portions of the research work on this investigation consisted of Benkelman
Beam measurements on the test sections at b0 foot (156.2 m) intervals, taken weekly throughout
the spring, bi-weekly throughout the summer and monthly into the fzall. The temperature of the
upper 1% inches (3.8 cm) of the mat was measurad each iime the Benkelman Beam deflsctions
were taken. These data were then usad to determine the effect the temperature and the se3son
had on the deflections and also crezted a set of correction factors to apply 1o the measured de-
flections to adjust the deflecticns to an 80OF {26.79C) peak season deflection. The peak season
BOPF (26.7°C) mzt temperature deflection was then taken to be the standard deflection for each
of the test sections. These standard deflections were then compared to the deflections of agare-
oate base pavements anc a relationship was developed between the Full-Depth thickness and the
granular equivalency of an equivalent deflection aggregate base pavement. That relationship
was then used to develop a8 Full-Depth bituminous pavement design chart which is the deflection
equivalent of the fiexible pavement design chart currently in use by Mn/DOT. The serviceability
of the Full-Depth has also been monitared in terms of pavement roughness, rut depth and surface
condition. The servicesbility of the test sections have not changed enough to adequately esti-
mate the performance of the test sections at the time of this report.



FOREWORD

Prior to 1969, the Minnesota Department of Highways had to choose between rigid pave-
ment or flexible pavement with granular base. In June of 1969, ""Fuil-Depth’” asphalt was ap-
proved and was included as a design alternate, adding a third choice for the designer. The alter-
nate allowed one inch (2.5 cm) of bituminous base to repiace two inches (5.1 cm} of class 5
or' Class 8, a high type of aggregaie base. Although Full-Depth was approved, there was very little
known about its structural response or performance under loading.

The term Full-Depth used in this report is as defined in The Asphalt institute Manual Series
No. 5 on page 15. The term Full-Oepth is registered by The Asphalt Institute with the U.S.
Patent Office as a8 pavement “'in which asphalt mixtures are employed for all courses above the
subgrade or improved suograde A Full-Depth asphalt pavement is laid directly on a prepared
subgrade. {The mathematical symbol T o denotes Full-Depth or Total Asphait.)”

The concerns about the lack of knowledge led to the development of Investigation No.
195, Full-Depth Asphalt Pavement Structures Evaluation. Investigation 195, as reporied herein,
began in 1971 to determine the strength and performance of Spec. 2331 bituminous base.

Virgil V. Mikkelson, presently the Foundations Engineer, was the original Project Engineer
in charge of this investigation. Shortly thereafter, Wayne Fingalson, presently the Assistant
Wright County Engineer, became the Project Engineer in charge of the investiation until the
fall of 1975. The special Edge Effect on Deflections portion was done under the initiation of
George R. Cochran, Subgrade and Base Design Engineer. Gerald Teig and John Zollars, Re-
search Assistants, were responsible for the collection of most of the Benkelman Beam deflection
and rut depth measurements. John Hale and Gerald Teig, Research Assistants, were responsible
for ail the Roadmezer PSR measurement and pavement condition surveys. Paul Jones of the
Materials Unit ran all the Roughometer measurements for the investigation. Dave Syse, Research
Assistant, did most of the data analysis for the investigation.

Personnel from the Materials and Construction Offices of the Brainerd, Detroit Lakes,
Golden Valley, Mankato and Willmar Districts were involved in establishing the test sections,
submitting field materiat samples, and the collection of some of the Benkelman Baam defiection
data. All material samples submitted were evaluated by the Materials Unit of the Office of
Materials, Research and Standards.




SUMMARY

OBJECTIVE

The original prime objective of this investigation was to determing the unit granular equiva-
lency (G.E.} of bituminous base. The objective of this investigation now is to determine Full-
Depth asphalt designs which would be comparable in strength and performance to conventional
aggregate base designs. Specifically, this would include the study of the deflection behavior
of Full-Depth structures of various thicknesses on a wide range of soils and the number of 18,000
pound (80 KN} eguivalent axle loads the pavement can carry before the ride becomes unaccep-
table, or before excessive rutting occurs.

Additional objectives were included during the course of this Investigation. Several Full-
Depth test sections were instrumented in an attempt 1o measure the vertical compressive strain
in the top of the subgrade or the horizontal tensile strain at the bottom of the biutminous base.
An edge effect deflection study was included 1o investigate the special Full-Depth widening
design and Full-Depth pavement width requirements. A brief elastic layer analysis was included
for comparison and for the evaluation of elastic layer analysis as an analytical tool.

scoez

The scope of the investigation was to cover a range of Full-Depth thicknesses, of soil types,
and traffic. Several construction projects were selected in order to do this. For each selected
construction project, there were to be four test sections designed and constructed, one aggre-
gate base flexible section representing the conventional design, one equivalent G.E. Full-Depth
section, and two additional Full-Depth test sections with a two inch (5.1 ¢cm) reduction and a
four inch (10.2 cm} reduction in the Full-Depth thickness.

Sampling for the investigation consisted of core ssmples and subgrade samples obtained
from the test sections. Tests conducted on the test sections consisted of periodic Benkelman
Beam deflection measurements and corresponding pavement temperature measurements, annual
rut depth measurements, Roughometer index measuremants, Roadmeter ride meas.rements and
surface condition ratings.
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{ aboratory work consisted of bituminous layer thickness measurements from the cores,
densities, extractions, gradations, penetrations and air voids. The subgrade samples were ex-
amined for Hveem Stabilometer R-Value, AASHTO T-89 moisture density relationships, grada-
tions and Atterberg Limits,

The analysis work on this project was two part: First, to determine the temperature and
season effects on deflections; and, second, to determine the relationship between the adjusted
deflection and the Full-Depth thickness. Also, Full-Depth and flexible aggregate base pavements
were compared on a deflection basis.

The traffic in terms of the summation of the number of 18,600 pound (BC KN) equiva-
lent axle loads {Sigma N18), was furnished by the Traffic Forecast Unit of the Bureau of Policy
and Planning.

The traffic was not a major consideration in this report because of insufficient dsta available
from the test sections at this time to relate traffic to pavement serviceability. Evidence is at hand,
however, from others {references 17, 18 and 18), that Full-Depth can carry at leasi as much
traffic as an aggregate base pavement if the two have equal 80°F (26.79C) peak season deflection
values. This investigation will be continued until the test sections yield sufficient data 10" deter-
mine the traffic carrying capabitities of Full-Depth.



SUMMARY OF FINDINGS AND CONCLUSIONS

The following is a fist of more important findings to date:

1. Benkelman Beam deflection measurements on Full-Depth indicate that the minimum
pavement thicknesses, range from 10 inches (254 cm) on a R-Value of 5 to 5 inches
{12.7 cm) on a R-Value of 75. Also, the Benkelman Beam deflections decrease very
rapidly as the Full-Depth thickness increases and approaches s minimum deflection value
with little effect from R-Vaige.

2. The data indicates that the granular equivalency (G.E.) per inch of bituminous for Full-
Depth on plastic subgrades increases with thickness as shown by the equation G.E. =
5.68 (thickness) - 28.9,

3. Full-Depth pavement deflections are primarily temperature dependent, whereas con-
ventional pavement deflections are primarily seasonally dependent.

4. Analysis has shown that above BOOF {26.70C), a correction factor is needed to adjust
deflections taken on Full-Depth pavements to 80CFF (26.70C) deflections as opposed
to granular base sections on which the mean deflections are not affected when the tem-
perature rises above 800F (26.70C).

5. Full-Depth pavement does not have g sharpiy definad “critical peak deflection’ period.

6. Full-Depth pavement deflections corrected to 800F (26.70C) generally reach their
seasonal maximum in mid-May, sbout four weeks later than conventional pavements
reach a maximum.

7. At this time, there are no trends on declining serviceability based on either PSI or PSR;
therefore, fatigue life cannot, as yel, be perdicied.

8. Deflection measurements on Fuil-Depth indicate there is an edge effect within 1.5 fest
{0.46 m) of the bottom edge of the pavement. The base width should bewide encugh to
avoid traffic on the outer 1.5 feet (0.46 m). Full-Depth wideningsof pavements onplastic
subgrades deflect 30% more than equal thickness Full-Depth pavements because of the
edge effect,



RECOMMENDATIONS

The following is recommendsd:

1. A minimum total thickness of Full-Depth pavement should be based on the sub-grade

R-Value, eight inches {20.3 cm) for an R=15 and five inches (127 ¢cm) for an R=75.

.The =N18 vs maximum deflection relationships used 10 develop the present Flexible

Pavement Design Chart be continued.

. The total design thickness of Full-Depth be determined by Figure 12, the Bituminous

Pavernent Design Chart - Full-Depith,

. The thickness of Full-Depth widenings of pavements be increased by 20 percent 10

account for the edge effect.

. Additional investigation of the strength and performance of Full-Depih widenings are
required.
. All Full-Depth sections continue 1o be monitored for fatigue life.

. The performance of overlays on Full-Depih continue to be monitored.
. Future data collection and research be directed 1oward elastic layer analysis.

. A procedure be developed 10 check the rutting potential of Full-Depth pavement in

high traffic volume applications, This procedure would include repeated load tri-axial
tests of the subgrade materials and elastic layer analysis.

-Vi-
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INTRODUCTION

The purpose of pavement Sesign is to provide & structure of aBequate thickness and corres-
ponding strength to carry the treffic load that would be expected on that pavemnent. Various
designs that are considered 10 be adequate are then examined for cost {construction and main-
tenance), thus allowing the angineers 1o chooss an adequate pavement that is the most economic.

Prior 10 1969, The Minnesota Depariment of Highways had to choose between rigid pave-
ment or flexible pavement with an aggregate base, In June of 1969, "Full-Depth” asphalt was
approved and included as a design alternate, adding a third choice for pavement selection. The
alternate allowed one inch (2.5 cm) of bituminous base to replace two inches (5.1 em) of Class
5 or Class 6, a high type aggregate base. Although Full-Depth was approved, there was very little
known about its structural response to axle loads or performance under traffic.

The Physical Research Unit began Investigation 195 in 1871 with the prime objective of the
investigation to determine a unit granular equivalent (G.E.} value for hot plant mix bituminous
base (2331 base). The scope ¢f the project was to cover a rangs of soil types by selecting dif-
ferent construction projects. For each selected construction project, there were to be four test
sections designed and constructed, one flexible pavement section representing the typical section
from the project plans, one Full Depth section with an equal G.E., and two additional Full-
Depth test sections, one with a two inch (5.1 em) reduction and the other with a four inch
(10.2 cm) reduction in the Full Depth thicknass. The reduced sections were included to reduce
"~ time required to mcke performance evaluations angd to provide more thickness variables
for araghysis purposes.

Materials sampling for the investigation consisted of core samp.es and subgrade samples.
Tests conducted on the test sections consisted of periodic Benkelman Beam deflection measure-
ments and corresponding pavement temperature measurements, annual rut depth measurements,
Roughometer index measurements, Roadmeter ride measurements and surface condition ratings.

Laboratory work consisted of bituminous layer thickness measurements from the cores,
densities, extractions, gradation, penetrations, and air voids. The subgrade samples were examin-
ed for Hveem Stabilometer R-Va'ue, AASHO T-99 moisture density relationships, gradations
and Atterberg Limits.



The analysis work on this project was wwo part: First, to determine the temperature and
season effects on the deflections; and second, to determine how many inches of Class 5 gravel
base {unit G.E.) reduces the Benkelman Bearmn deflection the same amount as one inch of 2331

bituminous base. The analysis was ranked In that order because the second was net possible
without the first.

Traffic is not a major consideration in this report because of insufficient data available at
this date to relate traffic to pavement serviceability. Evidence is at hand, however, from others
{references 17, 18 and 19), that Full-Depth can carry at least as much traffic as an aggregate
base pavement if the two have equal deflection values. This investigation will be continued until
the test sections yield sufficient data to determine the traffic carrying capabilities of Full-Depth.



BACKGROUND

The use of Full-Depth Aspahlt Pavement was approved in Minnesota in June of 1968
when it was included in the Road Design Manual as a flexible pavement design aliernate.
The first project to employ the Full-Depth as the design was on Trunk Highway 23 southwest
of Marshall in 1870,

Although Full-Depth had become an approved alternate in the pavement selection process,
there were many unknowns about its nature. The Benkelman Beam deflection behavior of
Full-Depth in terms of the deflections response to season, temperature, thickness and subgrade
was unknnwn. The comparison of Full-Depth with aggregate base flexible pavements was un-
knswn. Tinally, the traffic load carrying (Sigma N18) capabilities of Full-Depth were not known
in terms of the pavement thickness and subgrade or in terms of the deflection. To attempt to
solve some of these unknown about Full-Depth, the Physical Research Unit set up Investigation
185 in 1971. The basic objectives of this investigation was to develop a unit granular equivalency
(G.E.) for MHD Spec. 2331 bituminous base and to develop the relationship between the loss of
ride and Sigma N18’s for Full-Depth. However, in order 1o develop a relationship between the
loss of ride and Sigma N18's for a pavement, many years of observation are needed. |nvestigation
185 wi.. be continued for the number of years required to determine the amount of Sigma N18's
Full-Depth pavements can carry, Based on the present performance of the Full-Depth test sec-
tions and the performance at the Brampton Road Test”, the San Diego County Experimental
Base Project18A and lsboratory work done in Germany19, it s assumag that Full-Depth will
carry as many N18’s as an aggregate base flaxible pavement if they have the same 80CF (26.70C)
peak spring deflection under an 18,000 pound (80 KN) axle load.

Since 1969 when Fiill-Depth was included as an a'ternate, approximately 90 miles (145 km)
of Full-Depth have been constructed in the Trunk Highway System. Most of this mileage consists
of short segments ‘ess than a mile {1.6 km) long. There have been only about five major Full-
Depth paving projects since its inclusion in the Road Design Manual.

Questionnaires were sent out to the counties and municipalities in both 1972 and 1975
concerning the use and performance of Full-Depth pavements.

Twenty-eight counties out of a total of eighty-seven responded. Eighteen counties reported
having fFull-Depth pavements and they have a total of thirty-six Full-Depth projects as follows:



Year Restrictions Embankment

Constructed No. Ton No. Type No.
1975 6 9 11 Plastic 16
1974 5 7 17 Semi-Plastic 16
1973 9 5 8 Non-Plastic 2
1972 4 Not Reported 2
1971 6
1970 2
1969 2
1968 2

The county Full-Depth pavements reporied are performing well. Those showing distress
are reported to have some unique characteristics that would attribute to their poorer perfor-
mance, such as haul rocad usage after construction or special experimental construction tech-

nigques.

Ten municipalities out a total of 82 have responded. Nine have Full-Depth pavements
indicating a total of eighteen Full-Depth sections as follows:

Year Restrictions Embankment
Constructed No. Ton No. Type No.
1974 3 9 14 Plastic 10
1973 4 7 2 Semi-Plastic 2
1972 2 5 Noan-Plastic 5
1971 5 4 ] Semi- & Non-Plastic i
1970 1
1969 ]
1966-74 2

All municipa! Full-Depth pavements are reported to be performing well with some general
shallow rutting occurring on most of the nine ton pavements.



PRESENT FLEX!BLE PAVEMENT DESIGN

A brief description of the basis for the present dssign of flexibiz pavement is included to
provide a better understanding of the basis of the ressarch on Full-Depth. The present flexible
pavement design, which is a product of Investigstion 183, “Application of AASHO Road Test
Results to Design of Flexible Pavements in Minnesota,” combines the deflection vs Sigma N1iB
rela.tionship (see Figure 1) derived from the AASHO Road Test] with the deflections vs pave-
ment granular equivalent (G.E.) and embarnkment R-Value Relationship?2 (see Figure 2) derived
from Minnesota test sections in Investigation 183. These two relationships were algebraically
combined, the deflection taerms were cancelled, and then solved for G.E. The following equeltion
results:

GE. =-274+141log{ N18)—-23.8logR.

where:

G.E. = Granular Equivalent, inches.
= N18 = Sum of the 18,000 pound (BOKN) axle loads carried to a PS| of 2.5.
R = Hveem Stabilometer value at 240 PSI (1.65 MPa).

This eguation is the basis of the Flexible Pavernent Design Chart shown in Figure 3.
Since the Minnesota relationships used to deveiop the design egquation were based on conven-
tional aggregate base flexible pavements in Investigation 83, the concern of extending the
Fiexible Pavement Design Chart to Full-Depth pavements is valid.

Paverment Selection

The pavement selection process is an examination of the compsrative costs of various
paverment designs. The cost of the bituminous structure is dependent upon the cost of the min-
eral aggregate and the cost of the aspahlt. With the current unit granular eguivalency (G.E.)
of 2.0 for our bituminous base, whenever the cost of two inches (5.1 em) of Class 5 becomes
more expensive than one inch (2.5 cm) of bituminous base, Full-Depth becomes an economic
consideration. {f the unit G.E. of bituminous base is increased, the Fuli-Depth alternate wouid
become correspondingly more attractive,
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TEST SECTIONS

There are 26 test sections in the investigation to date as shown in Table 1 and Figure 4.

County Road Test Sections

Test Sections 1 through 4 were chosen from Fujl-Depth projects on county roads in Kandy-
ohi County. These sections were included in the deflection analysis to determine temperature
and seasonal effects.

Marshall Test Sections

Test Section 201, 202, and 203 were chosen from the first Full-Depth project designed in
Minnesota for the Trunk Highway System. These test sections were chasen from the project
after it was completed.

Madison Test Sections

Test Section 204, 205, 206 and 207 were built in 1871 as test sections. Test Section 204
represents the conventional aggregate base typical section as shown in the project plans. Test
Section 205 is the Full-Depth eguivalent of Test Section 204 based on existing G.E. values.
Test Sections 206 and 207 are Full-Depth test sections with reduced thicknesses of 2331
bituminous base. The design thicknesses are reduced to aid in the analysis of the unit G.E. of
2331 bituminous base.

Prior Lake Test Sections

Test Sections 208, 200 and 210 were also specially designed test sections with Test Section
210 being the G.E. eguivalent design section. Test Sections 208 and 208 are the reduced thick-
ness test sections. The test sections for Special Siudy 323, which are on the same highway as
Test Sections 208, 209 and 210, serve as the control sections for these test sections.3 Some
construction difficulties were encountered on these test sections making the analysis of these
sections unreliable. The construction difficulties appeared in the data from the test sections as
unusually high variation in the pavement thicknesses and Benkelman Beam deflections.



Princeton-Milaca Test Sections

Test Sections 211, 212, and 213 and Control Sections 212 and 213 were specially designed
and constructed test sections. Control Section 213 is the design section and Test Section 213
is its Full-Depth equivalent. Test Sections 211 and 212 and Control Section 212 are the reduced
thickness sections. The control sactions of this group are the G.E. equivalent aggregate base
sections of the matching numbered test sections based on current unit G.E. value of 2.0 for 2331

bituminous base.
The Full-Depth sections are experiencing rutting earlier than normally expected and are

also bleeding which complicates the evaluation of the performance of these sections. Rutting,
as experienced by these sections, could be a common form of Full-Depth distress.

New York Mills Test Sections

Test Section 214 through 220 are new test sections that were included in the investigation
in the fall of 1976. Very little data i-as been collecied on them at this time and they will receive
limited attention in this report.

Wells Test Section

Test Section 102 is an Investigation 183 test section included in this investigezion. This
section consists of two inches {5.1 cm) of 2331 surfacing and eight ard a half inches {21.6 cm)
of plant mixed bituminous base and two inches (5.1 cm) of Class 3 over an A-4 subgrade with
an R-Value of 17. The hituminous base aggregate was Class X that has an average gradétion of
100% passing the two inch (5.1 cm) sieve, 78% passing the No. 40 (0.42 mm), and 12.5% passing
the No. 200 (0.074 mm). The asphalt used in the bituminous base was a 120/150 penetration
A.C. The asphalt content of ihe vase ranges from 4.3% 1o 5.3%. This base mixture is not the
same as 23371 bituminous base and in that respect serves as a good example that non-specifica-
tion materials may be used successfuily.

10-
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Table 1. Test Sections

*R-Value test ran in 1974 on samples obiained from failed sreas indicate R-values from 8 to 12.

Test Year Surface Base Subgrade/
Seclion Length T.H. C.S. Built  Thickness Thickness R-Value Location
207 1200 ft. 23 4207 1970 1%" 233 127 2331 A-6/8.5 NBL, 4216+00 to 4228+00 Approx.
2" 234 4.3 miles SW. of Jet. T.H. 19 at
Marshall,
202 700 . 23 4207 1970 37 2341 10" 2331 A-B/10 SBL, 3915+00 to 3922+00, Approx.
99 miles SW. of Jci. T.H. 19 at
Marshall.
- 203 1200 1. 23 4207 1970 37 2347 4" 2331 A-3/72 NBL, 3838+00 to 3850+00, Approx.
' 11.5 miles SW. of Jet. T.H. 19 ai
Marshall.
204 1200 ft. 212 3705 1971 3" 2341 5" 2331 A-4/23 EBL, 802+00 to 814+00, Approx.
12" CI3 3.5 miles W. of Jct. T.H. 75 and 0.25
&4 mile W. of Jct. CSAH 11,
2056 1200 ft. 212 3705 1971 3 2341 107 2331 A-4/21 EBL, 817+00 to 829+00, Approx.
200 f1. E. of Jct. CSAH 11,
206 1200 ft. 212 3706 1977 3" 2341 ar 2331 A4i17 EBL, 832400 +to 844+00, Approx.
0.3 mile E. of Jct. CSAH 11.
207 1200 ft. 212 3705 1971 37 2341 6" 2331 A-B/20 EBL, 847+00 to 859+00, Approx.
0.6 mile E. of Jct. CSAH 11.
208 1200 ft. 13 7001 1972 2 2331 6" 2331 A-BAQT* SBL, 496+00 to 5BOB+00, Approx.
035 mile S. Co. Rd. 8 (1.5 miles
S. Lydia).
209 1200 f1. 13 700 1972 2" -233‘1 4" 2331 A-6/18.7% SBL, 483+00 1o 495+00, Approx.

060 mile S. Co. Rd. 8 (1.5 miles
S. Lydia).



Table 1. Test Sections {Cont.}

Test Year Surface Base Subgrade/
Section Length T H. C.S. Built  Thickness Thickness R-Value Location
210 1200 fr. 13 7001 1972 27 2331 8" 2331 A-B/21.57 SBL, 465+50 1o 481+50, Approx.
0,85 mile 5. Co. Rd. 8 (1.5 mules
S. Lydial.
211 1200 fr. 169 4811 1974 1w 2341 347 2331 A-4/58 NBL, 315+00 to 327400, Approx.
6.0 miles Na. of T.F. 23 in Princeton.
212 1200 f1. 169 4811 1974 118" 2347 6% 2331 A-4/59 NBL, 330+00 to 342+00, Approx.
6.3 miles N. of T.H. 23 in Princeton,
213 1200 f1. 169 4811 1874 1w 2341 9 2331  A-4/52 NBL, 346+00 to 358+00, Approx.
6.6 miles N. of T.H. 23 1n Princeten.
I C5212 1200 1t. 169 4811 1974 1w 2344 3% 2331 A-4/59 NBL, 380+00 to 372400, Approx.
ho 6" CLE 6.9 miles N. of T.H. 23 in Princeton.
5213 600 ft. 169 481 1974 1B 2341 1% 2331 A-4/G0 NBL, 374+00 1o 380+00, Approx.
6" Cl6 7.2 miles M. of T.H. 23 n Princeton.
B Cl4
G Cl3
214 1200 ft, 10 6608 1976 3" 231 g% 2331 A-2-4/12 WBL, 1872400 to 1560+00, Approx.
1A 2331 0.86 miles W. of jct. CSAH &7 at
New York Mills.
215 1200 ft. 10 606 1876 37 2341 B 2337 A-B/21 WBL, 14674G0 to 1455+00, Approx.
P 2331 3.3 miles W. of jcr. CSAMH 87 al
New York Mills.
216 1200 ft. 10 5608 1976 1% 2341 6%’ 2337 A-2-4/85 WBL, 1420+00 1o 1408+00, Approx.
1" 2331 24 miles W of jct. CSAH B7 &t

*R-Value test ran in 1974 on samples ohtained from fatled areas indicatle R-vaiues from 8 t0 12,

New York Mills,
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Table 1. Test Sections (Cont.)

Test Year Surface Beaso Subgrade/
Section Lengt! T.H. €5 Built  Thickness Thickess R-Value Location
217 1200 f1, 10 5606 1976 1" 2341 B 2331 A-24770 EBL, 122HD0 to 1242400, Approx.
1" 2331 6.9 miles W. ol jct. CSAH 67 al
New York Mills,
218 1200 ft. 10 Hh606 1876 1% 2341 8" 2331 A-2-4/57 ERL, 1343+00 to 1355+00, Approx.
1% 2331 4.4 miles W. of jet. CSAH 67 at
New York Mills,
219 1200 ft. 10 5606 1976 1% 2341 gl 2331 A-B/10 EBL, 1580+00 to 1672+00, Approx.
3" 283 86 mile W. of jet. CSAH 67 at
New Yark Mills.
220 1200 fi. 10 5606 1976 1% 2347 14" 2331 A-2-4/18 EBL, 1645400 to 1652400, Approx.
’ 1% 2331 84 mile E. of jct. CSAH 67 at
New York Mills,
1 1200 ft.  Kandiyohi 1970 b-3/8" A-B/26 NBL, 594+13 to GUOG+13, Approx.
Co. Rd. 1 1850 ft. S, of T.H. 40.
2 1200 ft.  Kandiyobhi 1970 7“ A4/26 NBL, 144480 o 156+80, Approx.
Co. Rd. ! 25 miles N. of T.H. Q.
3 1200 1t.  Kandiyohi 1970 8~ A-T-6/27 EBL, 80+20 10 92420, Approx.
Co. Rd. i 1.0 mile W. of Co. Rd. 4.
4 1200 fr.  Kandiyohi 1970 5-3/4” A-G/18 NBL, 133+75 to 145+75, Approx.
Co. Rd. 1 225 ft. N, of Co. Rd. 83.
102 1200 ft. 109 1963 27 2331 gv'"  ClL.X  A4/17 WBL, 789+78 1o 801+20, Approx
Bil. Stab. 1200 ft. W. of M. jct. CSAKH 21,

2" Cl.3
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Figure 4. The locations of the test sections.
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FIELD TESTING

Data Acauisition

In order to evaluaie the strength and performance of the test sections, 3 number of iests
had 10 be performed. First, the thickness of the various layers of the pavement system were
measured and information on the composition of the various layers was obtained. Also, samples
of the subgrade matsriat were obtained for soil classification and Hveem Stabilometer R-Value
tests. Second, field tests were made to obtain information about the strength of the pavement
system which is defined as its reaction 1o an applied load. Third, a measure of serviceability was
made, For this study, serviceability is measured by the ride and surface condition. These individ-
ua! testing processes are briefly described in this section 1o explain the data base for this project.
For details concerning ary of the tesiing or rating procedures, piease refer 1o the indicated refer-
ences. The test secticr data are summarized in Appendix A,

Material Properties

For the materials information portion, samples of all the pavement materials and subgrade
were obtained “rom tne tast sections. The bituminous samples were obtained by taking six inch
(15.2 cm) diameter cores from the test sections. A minimum of three bituminous samples con-
sisting of three cores were generally taken from each section. The individual thickness of each
layer was measured from the cores and the bituminous layers were then examined for density.
The cores were then sent 10 the centural office to determine the asphalt content, percent voids
and aggregate gradations. No further mention is made of this information in this report because
no significant relationships could be determined between asphalt content, voids or agaregate
gradation with the field performance or pavement deflection at this time.

Subgrade samples were also obtained from the test section and sent to the central office
fab where they were anzalyzed for gradation, Atterberg Limits, AASHO soil classification and
Hveem Stabilometer R-Values? at a 240 PSI (1.65 MPa) exudation pressure. The subgrade R-
Value has been found to have a good corretation with the maximum spring deflections in In-
vestigation 183 and is used in this investigation for the strength analysis.

Benkelman Beam Deflection Testing

The measure of pavement strength in this investigation is the Benkelman Beam deflection.
The method used is a semi-static rebound measurement with no correction for the deflection
basin size. The test procedure is briefly described here. The test begins with the probe of the



Beam placed in front of and between the tires of the outside dual of an 18,000 pound {80 KN)
single axle. (Figure B, initial position). The dial reading a1 this point is recorded to the nearest
0.001 inch (0.025 mm). The truck is.then moved forward slowly for about 20 feet (6.1 m).
As the tires pass by the probe, the Beam operator records the maximum reading on the dial.
(Figure 5, maximum deflection). He then records the final dial reading after the load has been
removed when the digl comes 1o rest (Figure 5, final position). The final reading is then sub-
tracted from the maximum reading the remainder is doubled to account for the two to one beam

ratio.

The above described procedure is repeated at 50 foot (15.24 m) intervals through the test
section, resulting in 25 deflection measurements in 1200 feet (365.76 m). The average of the
25 deflections is then the representative deflection for that test section uncorrected for tempera-
ture and season.

In order 10 determine the seasonal effect on the deflecied response of the test sections,
deflections were taken as follows:

Mid-March to end of May - Weekly
June through August - Bi-Weekly
September and Qctober : - Monthly

Also, to find the effect of temperature on the test section deflections, the pavement tem-
perature was measured each time the deflections were measured. The pavement temperature
was measured by driving a hole in the pavement one and a half inches (3.8 cm) deep, filling the
hole with light machine oil and placing a thermormeter in the hole. The temperature was allowed
to come to equilibrium while the deflections were taken and then read. It should be noted that
this is not a surface temperature, but is rather an average temperature of the upper one and half
inches {3.8 cm) of the mat. This temperature is not as susceptible 1o the ranges of temperature
that the surface experiences and is not corrected by the procedure recormmended by Southgate
and Deen.® This method of temperature measurement was found to be adequate for corre-,
lating pavement deflection with pavement temperature as described In the “‘adjusting deflection
for temperature’ section of this report on page 24.

Pavement Serviceability and Daformation

To measure the serviceability of a pavement, a number of measurements and observations
are made on each test section annually. These measurements deal with ride, rut depth and surface
condition.

The ride portion of the dats acquisition is measured by two individual devices, the Road-
meter and Roughometer, each year. Each of these devices measures the pavements roughness
in inches per mile.
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Figure 5. Benkelman Beam deflection measuring sequerce



The Minnesota Roughometer is the BPR-Type Roughometer which is used for Investigation
183.6 This device measures the accumulative movement between the axle of a wheel and 3 rigid
frame while towed behind a vehicle at a constant 20 mph (32.2 km/hr). The Roughometer is
mechanically calibrated periodically on a surface of known roughness.

The results from the Roughometer along with measurements of cracking and patching
cand rut depths result in a Present Serviceapility Index (PS!) which ranges in value from 5.0
for perfect to 0.0 for unpassable by the equation’

PSH =11.03 — 3.98 log (R1) — 1.38 (RD)2 — 0.01 (C+P)%

where:
PSi = Present Serviceability Index.
R!l = Roughometer Roughness Index - inches per mile
RD = Average Rut Depth - inches.
C+P = Cracking plus Patching - sq. ft. of C+P per 1000 sg. ft. of pavement.

The results from the Roadmeter are used to determine the Present Serviceability Rating
(PSR)}. The relationship varies slightly each year, depending on each calibration. A typical re-
lationship is shown by Figure 6 and expressed by the following equation:

PSR = 8.9 — 2.0 log {counts per mile)
where:
PSR = Prasent Serviceability Rating

Counts per mile - Roadmeter roughness measurement in inches per mile.

Rut Depth and Condition Surveys

Rut depths are the remaining pavement deformation measurements to be described which
are made annually on the test sections. The rut depth is measured in the outer wheel path at
50 foot intervals with an A-frame shown in Figure 7. The rut depth measurements are then
averaged, resulting in one representative rut depth per test section.

The surface condition survey conducted for this investigation was very limtied. Bascially,
it only included the cracking plus patching term used in the PSI equation. In other words, 1t
only measured visible load related pavement structural distresses. All ravelling, etc., are not
measured for this investigation. Although these things are important indicators of pavement
condition, they are not the structural response to traffic loading.

18-
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Figure 8. A typical relationship between the Roadmeter counts per mite and the Present Serviceability Rating {PSR).
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The cracking that was measured in this investigation is block cracking and onty when the
block dimension approachad the pavément thickness. This would be comparable to Class 2 and
Class 3 cracking referred 1o at the AASHO Road Test. Patching refers 1o any type of mainten-
ance surface skin patch correction except a seal coal. The cracking and patching was visually
measured and expressed in a combined measurement of square feet (metre) of cracked pavement
plus the square feet {metre) of patching per 1000 squsre feet (metre) of pavement. Specifically,
for & 1200 foot {365.8 m) test section, 12 feet {3.66 m} wide, the total area of ¢cracking plus
patching was divided by 14.4 to arrive at the C+P term for equation two.

Traffic

The remaining variable that had to be accounted for was the traffic. This item is expressed
as the sum of the equivalent 18,000 pound (80 KN) single axle loads which is called Sigma
N18 (=N18). This value was furnished by the Transportation Forecasts Section of the Bureau
of Policy and Planning. The Sigma N18 values were determined from tratfic volume counts,
manual vehicle classifications and vehicle weighings. This data was entered into a computer
program which calculated truck factors for ten vehicle classes based on the AASHO Road Test]
axle load equivalency equations for single and tandemn axles. Triple axle equivalencies were cal-
culated based on the relationships developed in lnvestigation 2318. The truck factors, vehicle
volume and distribution by type, along with a project growth factor, were then combined to

produce a Sigma N18 prediction for a pavement section.
Most of the sections have not experienced a sufficient decrease in PSR or PS| to develop

a correlation for pavement thickness and subgrade R-Value versus Sigma N18's or between pave-
ment deflections and Sigma N18’s.

Special Instrumentation

Special soil strain gauges have been Installed in Test Sections 212, 213, 218 and 220 and
Control Sections 212 and 213. These soit strain gauges are four inch (100 mm) Bison sensors
and are read by a Bison Soil Strain Gavge Mode! 4101A. The sensors in Test Sections and Control
Sections 212 and 213 were mounted coaxially in the subgrade with the top sensor a1 the sub-
grade-bituminous base interface and the second semsor placed about ter inches {25.4 cm)
directly below as shown in Figure 8. This arrangemeant measures the dynamic or static vertical
strain in the upper portion of the subgrade. The strain sensors in Test Section 218 and 220
were mounted coplaner at the subgrade-bituminous base interface as shown in Figure 8. They
measure the dynamic and static horizontal tensile strain at the bottom of the asphalt concrete

layer. Present elastic layer theory des]gn criteria is to limit the horizontal tensile strain at the



bottom of the bituminous and also limit the vertical strain in the subgrade. The limiting horizon-
tal tensile strain value at the base of the bituminous and the vertical subgrade strain is dependent
on the amount of traffic load the pavement is expected to carry.

Strain measurements obtained by Bison equipment were not presented in this report. A
method for separating the magnetic influence of the 1est vehicle from the strain measurements
has not been developed. Comparison of the magnetic influences from one section against another
is also difficult because of the various pavement thicknesses which change their position relative

10 the test vehicle.
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ANALYSIS

Adjusting Deflections for Temperature

When the data analsyis began, the first concern was 10 characterize each test section with a
Benkelman Beam deflection value. At first, this task caused a lot of concern because of the
deflection variance on the test sections throughout the year. Figure 9 shows the typical deflec-
tion response a section exhibited from March through October. {t was felt that the Full-Depth's
deflections were quite temperature dependent, so the first task was to find a way 1o correct
for temperature. A literature search was conducted to find a way to adjust a deflection measure-
ment at any temperature to a standard temperature deflection. This did not turn out to be very
successful because a number of reports (references 8 - 14) were found, but each differed from
the other in method and correction amount. Also, none of the reports gave any hints as 10 the
analysis approach that could be applied 1o the test section data.

Since most of the data also spanned from early March 1o mid-October, as well as a 900F
(500C) temperature range, there were no direct methods available 1o determine a temperature-
deflection relationship that was independent of date. Statistical regression technigues were
then used as detailed in Appendix 8. The first attempt was a three variable regression of the
test sections average deflection versus mat temperature and date. The results were surprising
because for most of the sections, the date was not a significant factor in the regression and the
mat temperature explained nearly all of the deflection variance. The sections were then rerun
in a two variable regression of deflection versus temperature. From this, a set of average tem-
perature correction factors as shown in Table 2 were developed to correct g deflection taken at
any temperature to an 800F (26.70C) deflection. The shape of the factor versus temperature
curve shown in Figure 10 is similar to the factor versus temperature curve recommended by the
Asphalt Institute Figure 14 in MS-17.19

Adjusting Deflection for Seasan

The deflections of the test sections were adjusted to 800F (26.70C) deflections using the
temperature correction factors described in the previous section. A small but definite seasonal
effect on the deflections was then noted. Again, by using a regression as described in Appendix
B, a seasonal deflection response was established. From this, a set of seasonal correction factors
as shown in Table 3 were established to adjust the temperature corrected deflection to @ peak
seasonal deflection.

4.



DEFLECTION (inches)

Table 2, Multiplying factor to correct a deflection for temperature

Mat Temp. {OF) Ratio Mat Temp. (OF) Ratio
400 212 800 1.00
450 1.87 85° 054
50° 1.67 90° neg
550 1.50 95° c.8
600 1.37 100° 0.79
650 1.26 105° 0.75
700 1.16 1100 0.71
1750 1.08 1189 0.68
0.030—
0.020 —
0.010 —
|
Mar Ap May Jun. Jul 1 Aug Sept. Oct. !

Figure 9. Test Section 207 1972 - Deflections

25.
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Figure 10. Temperature adjustmeni factors for Benkelman Beam delfections on Full-Dep1th.
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Table 3. Spring Recovery Correction Factors

Date Factor Date Factaor
March 1 1.25 June 29 1.03
hMa-ch © 5 1.14 July 24 1.06
March 31 1.07 July 29 1.03
April 15 1.03 Augost 13 1.12
Aori 30 1.01 Auguss 28 1.8
May 15 1.00 Sepiember 12 1.20
May 30 1.01 September 18 1.25
June 14 1.02 October 12 1.31

It can be seen that the peak seasonal deflection can be expected from the middle of April
through the end of June by looking at the factors in Table 3. Also, the correction factors are
small in comparison to the seasonal correction faciors developed in |nvestigation 603,‘16 for
flexible pavements having asggregate base. For example, the August - September correction
factors listed for conventional pavement with a three inch (7.6 cm) surface is 1.73 (Inv, 603)
as compared 10 the 1.12 to 1.25 range shown in Table 3. This means that the deflections of Full-
Depth do not vary much with the season.

The factors obtained in this investigation represent mostly plastic soil subgrades and are
exclusively In the southern half of the state. Early and late season factors in Table 3 may be
low when used to adjust the deflection of a Full-Depth pavement in the northern part of the
state because of the later soring thaw and earlier freeze up. By limiting Benkelman Beam de-
flection measurements of Fu]l-Depth from early May to mid-September, spossible errors due

to incorrect seasonal factors will be minimized.

Correction Factor for Date and Temperature

To guicken the process of correcting deflections for temperature and dste, the sbove two
relationships were combined and put into graph form. (Figure 11,) To use this graph, the Benkel-
man Beam operator enters the graph on the right or left side at the measured mat temperature
and goes horizontally into the graph to the date the deftection was taken. The factor is then
interpolated by its position between the factor contour lines. For example, 2 600F {15.60C)
mat temperature on April 15 has a correction factor of 1.42, or a 1100F (43.30C) mat 1emper-
ature which Figure 11 was developed for is the average temperature of the upper one and one
half inch (3.8 cm) of the pavement surface as described on page 15. To be most accurate, fow
mat temperatures or early or late season deflection measurements should be avoided if possible.

27-



Observations Concerning Full-Depth Deflection Behavior

1. Full-Depth pavement deflections, when corrected for temperaiure, generally peak in
mid-May while conventional pavements generally peak in mid-April. The actual uncorrected
deflection peak for Full-Depth occurs from mid-June to mid-July due to the high pavement
temperatures.

2. Mat temperature has quite a moderating effect on the Full-Depth spring recovery. The
deflections will peak in late spring and will not drop off significantly until late summer or early
fall.

3. The thinner the pavement becomess, the larger the spring recovery correction factors
tend 1o be. Deflection for Fuil-Depth pavements less than 5% inches (14 cm) thick should not be
corrected by use of the spring recovery factors in this report, but instead, use the Investigation
603 spring recovery factors.

4. The spring recovery factors in Table 3 are typical of Full-Depth thicknesses of 5% inches
(14 cm) and grester on weak soils such as plastic A-4 and A-6 s0ils in a Stabilometer R-Value
range of 5 to 25. Although there has been an indication that the faciors apply to other soils

(Test Section 203 on an A-3 soil), there are not enough data available at this time for valid con-
clusions.

5. The Full-Depth sections at Princeton-Milaca (Tests Sections 211, 212 and 213) do not
follow the general mat temperature or spring recovery pattern of the rest of the Ful-Depth
sections in the study. These test sections do not appear to be as temperature sensitive as the
other sections in the study and also exhibit substantially higher spring recovery factors than
the other sections in the study. This may be due to the semi-plastic subgrade on these sections.
Benkelman Beam deflection measurerments are also questionable at high temperatures because
of the soft surface of these sections which allows the probe of the beam to slowly sink into the
mat during the deflection measurement,

8. Because of the small spring recovery factors, 2 weak period for Full-Depth cannot be
sharply defined. For that reason, it would be very riskly to build a thin Full-Depth with the
intentions of pasting the road for spring axle loads. To protect a Full-Depth by axle load re-

strictions during its peak deflection period, the restrictions would have to remain in effect until
fall.
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{ Xy

X

+

\
\

[ 1]

\

\C

\

\
\

—

=
=

]

TEMPERATURE 9F

o
=

\

7171

o)

\

_62_

\
)

\

\
\

/

|1\
\
[T

\

Tl
\

|

/1]

TRIREANA!

A

i
R

7771717

\

16

o

1w

96

i

As

[:11]

)

5

&0

Figure 11. Fuli-Depth correction factors to correct deflection for season and temperature.

OCTCBER

40

TEMPEAATURE 7%



Full-Depth Granular Equivalency Aanalysis

Now, with the ability to assign a standardized deflection value to a Full-Depth pavement,
structural analysis can be dane. Several methods were used as shown in Appendix 8, and are
briefty described here.

The first method described involved computing a G.E. for each Full-Depth test section
from their temperature and seasonally corrected deflections and the subgrade R-Values. The
eguation used for this computation is an unpublished equation relating the average peak spring
defiection of each Investigation 183 test section to its G.E. and subgrade R-Value, The computed
G.E. was than correlated with the thickness of the Full-Depth test sections, resulting ina G.E. -
thickness refationship. This relationship is used to develop the Full-Depth design chart shown
in Figure 12. Minimum thickness designs, based on R-Value, which are included in the Full-
Depth design chart are based on the Full-Depth thickness which are equivalent to the G.E.
required to limit the deflection plus two standard deviations to 0.075 inch (1.8 mm). [t should
be noted that this method does not result in a single fixed G.E. value for Full-Depih,

A second G.E. evaluation was done which also involved Investigation 183. This analysis
compared the deflection values of the low R-Value Investigation 135 sections, as a group, with
the defiection values of a group of Investigation 183 test sections which were selected to have
the same soit types and H-Values. {t was shown that these two groups could be made statistically
indistinguishable by adding a factor to the investigation 185 group. This factor, in turn, was
convérted t0 3 G.E. for Fuli-Depth. Unfortunately, this analysis only gives the G.E. comparison
of the geometric mean of the two groups and does not say anything about its dependency on
thickness. The resulting G.E. agrees with the average G.E. that resulted from the first analysis.

Test Sections vs Control Sections

A determingtion of the granular equivalency of 2331 bituminous base using the contro!
secuons described on pages 78 through 81 vields a3 unit G.E. of 2.57 for Test Sections 205
and 206 when compared zgainst Test Section 204. A unit G.E. of 2.32 is obtained for Test
Sections 208, 209 and 210 when compared with the deflection behavior of the test sections is
Special Study 323. Comparison aof Tast Sections 212 and 213 zgainst Control Sections 212
and 213 yield s unitof G.E. of 1.81 and 2.51, respectively. Unfortunately, most of these sections
have complicating irregularities that make it difficult to treat the results with much confi-
dence.

Test Sections 214, 215, 216, 218 and 219 provide a unique opportunity to evaluate 2331
bituminous base. Each of these test sections are in the right lane of a four lane roadway and ¢an
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be campared with Investigation 174 test sections adjacent to them in the {eft lane, Investigation
174 is a research project currently in progress to evaluate the construction and performance
of the left lane of a four lane roadway- designed for its expected Sigma N18. This was done py
exchanging equal thicknesses of.Class 5 aggregate base for 2331 bituminous base, This result is
a side by side comparison of 2337 bituminous base and Class 5 base of equal thickness as shown
in Figure 13. These test section pairs are used to directly compare the deflection resistance
capabilities (G.E.) of 2331 bituminous base and Class 5 base. Because these sections occupy

the same embankment side by side, the conditions of all other factors should be about as close
to equal as can be expected in z field condition. A deflection analysis of these sections yields
an average unit of G.E. of 2.78. This result is based on only one set of deflection measurements
obtained late if the fall of a drought year. Additional deflection measurements are needed to sub-
stantigte these results.

Performance

All of the past discussion on load carrying capabilities of 2331 base compared with Class
5 base does not take Into consideration the performance characteristics of Full-Depth. Perfor-
mance here is defined as the number of deflections (N18’s) Full-Depth pavements can withstand
before signs of distress appear or before the PSR reaches 2.5. Performance is the real measure
of the value of a pavement structure. Each vehicle passing over the pavement is expressed in
terms of a number of equivalent 18,000 pound (80 KN) axle joad deflections {N18"s). These,
in ten, are summed (Sigma N 18) over the life of the pavement.

The initial assumotions when Full-Depth was approved as an alternate, were that it would
not deflfect more than an aggregate base structure of equal G.E. and that it would perform
equal or better than aggregate base flexible pavement.

Reviews of the Brampton Test Rosd 7 and the San Diego County Experimental Base
Projeci18 indicate, in each case, that t‘né performance of Full-Depth is better than eguivalent
aqgregate base sections. However, the results of either project cannot be apolied to Minnesota
because of climatic differences or a difference in design mix or both. Other literature describing
controlled lab tests on the fatigue life of FuEJ-Dep’rm9 also indicate the performance of Full-
Depth pavements to be superior to aggregate base pavements, especially when used over g soft
embankment such as an A-6 soil. Other studies, though, are not as positive. A report20 put out
by the Corps of Engineers showed that Full-Depth does not perform as well as aggregate base
sections.

There is.a good relationship between the increase in Sigma N18 and the decrease in PSI on
Test Sections 207 and 208 which make a Sigma N18 capacity predicition possible for a PSR
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of 2.5. For Test Saction 209, a Sigma N18 value at a2 PS! of 2.5 can be extrapolatad to be 92500.
Based on R-Value samples obtainad from the test section, the G.E. of the test section and the
Flexible Pavement Design Equation, the iest section: should carry 2 Sigma N 18 of about 13,000,

Test Section 207, 88 =rown in Apzandix A, has airesdy carrisd 345,000 N18's. This test
section has a G.E. of about 22 inches {85.9 ¢cm) and is on an embankment with an R-Vaiue of

20. By looking a1 the design chart, it should carry a Sigma N18 of 570,000. The current PSi
for Test Section 207 is 3.65, down 0.4 from & beginning PS! of 4.05 in six ysars as shown in
Apoendix A. Barring the unsxpecied, the test section will not deteriorate 10 a PSI of 25 in

nother thres years which is the time needed 10 accumulate @ Sigma N18 of 570,000, Using the
product of PSR and PSI and extrapolating that to a value of 6.25, it can be predicted that Test

Section 207 will carry 2 Sigma N18 of 850,000.

wo sections, however, are not enough o make any kind of evaluation of the performance
of Full-Depth pavements. The resulis, though, are encouraging since neither have exhibited
poor fatigue performance. Based on the above, it is recommended that the G.E. versus Sigma
N18 and R-Value relationship of the design chart continue 10 pe applied o Fuil-Depth until

further data indicates that an adjustment ¢an be made.

he present 2327 base dssign consists of BA-2Z or BA-3 aggregate with 4.5% asphalt /
H {3

weight. This may not be the best mix in terms of fatigue perfarmance or the most econom
Fatigue life is governed by limiting the tensile strain that develops at
inous layer.21 Another approach in extending the fatigus lifs of 3

the tensile strain is to design a mars faiigue resisiant mix. The
ristics of a mix generally occur at 0.5 to 1.0 percent grester asphalt

~

aximum density. 22 (.

LJl

to 1.0 psreent over opzimum. Also, the fatigue

increase very rapidly as the density due 1o compaction increase.) So, based

der
may be po huild & more dursbls pavement or 3 more &co-

ih, by taking inio consideration trig fatigue characteristics of the botiom

EVALUATION BY ELASTIC LAYER PROGRAMS

The elestic laver program PSAD, a version of the Chevron program which includes stress
sensitivity and duzl tire superposition was used 1o compare the tensile sirain that occurs in th;
bituminous of & Full-Depth section and an aggregate tase section that has equal surface deflec-
tion values. Two eiastic layer runs have been made for this report to compare a Full-Depth
10 an aggregate base pavement on a soft subgrade. The thicknesses were adjusted 1o give near

equal deflections between the tires of 2 9000 pound [40KN) dual for each program run.
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The mzierial properties of the bituminous and the base chosen for the runs are irom In-
vestigation No. 188 currently in prograss. The complex modulus for all the bituminous was
set at 100,000 PS| (588 MPa) which represents bituminous mixes at BOOF ({25.70C) a1 0.1
second lpadings. The modulus for the base is determined by the equation:

M = 2650 @ 0.58
where:
My = Resitient Mogdulus {PSI)
8=Bulk Sress (8= %1+ 924 T3)inPSI.

The subgrage moduius was chosen from a report23 by Professcr argen of the University of
Saskatchewan and the 2quation is:
M = 6500 - 9¢ —0.1
where:
My = Resilient Modulus (PSI)
O = Deviator stress { d= ©1 — 93)in PSI.

This represents a subgrade R-Value of about 15 to 20 based on the deflection prediction
of the program.

The fatigue life of a pavement is stated to be related to the maximum tensile strain that
occurs in the bituminous. A comparison is made of the strains caiculated for a Full-Depth section
and ar zagregete base section which have equal oredictzd deflectiors. The maximum tensile
strain at the tottom of the bituminous is about 680 micro in./in. for the Full-Depth section and
is 760 micro in./in. for the aggregais base saction. This indicates that a Full-Depth pavement
should carry a greater amount of eguivalent 18,000 nound (80 KN) axle loads than an agars-
gate based pavement which has the same deflection as the Fuil-Depth pavement before fatigue
cracking results.

Also, the program gives another method of calcuiating the G.E. of bituminous base. The
.aagregate base section consists of three inches (7.6 cm) of bituminous and 1% inckes (41.9 cm)
cf Class 5 base for a total G.E. of 22% inches {57.2 ¢m). The Full-Depth section has a total
bituminous thickness ot 6.8 inches (17.3 ¢cm) which resulis in a urnit G.E. of 2.31 (22.5/6.8)
for bitumirous sase when compared with the Ciass b basz section. This is higher than the average
unit G.E. previously calculated but is within the range encountered in our sections.

EDGE EFFECT ON DEFLECTIONS
Upon the initiation of the Subgrade and Base Design Engineer of the Soils Unit, a special

deflection siudy was run to determine the deflection behavior of a Full-Depth pavemen* nzar
its edge. There were two objectives 10 this study: the first was to determine the design thickness
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of Full-Depth widenings next to & portiand cement concrete pavement and the second was to
determine the distance the 2331 base should extend bayond the outer wheel track.

The deflections that have been discussed up 10 now arz slab ceflections where the deflec-
tions were taken about five feet (1.5 m) from the edge of the 2331 base. This deflection is then
fairly representative of a uniformly supporied two-way steb. Widenings, however, are narrow and
tnus approach the behavior of a strip foundation rather than a slab.

A special deflection study was conducted on Test Sections 201 and 203 1o quantify this
deflection difference. To assure equal field conditions, deflections were first measured at one
foot (0.3 m) intervais from nine feet (2.74 m) to twelve feet {3.66 m) from centerline, at one-
half foot (0.15 m) intervals to the edge of the 2331 base, fifteen feet (4.57 m) from centerline
and then at one foot (0.3 m) intervals to the edge of the shoulder at three locations per tast
section (see Figure 14). No increase in deflections {due to the edae effect) were noted until
beyond the twelve foot edge stripe, indicating that the standard 30 foot (9.14 m) width of 2331
base for one lane Sigma N18 and over 2500,000 could be reduced to 28 feet (8.53 m) without
resulting in excessive deflections in the outer wheel path. On four lane roadways, the center of
the base should be shifted one foot (0.3 m) to the right to provide the protection required
for right shoulder traific encroachment,

After the first set of deflections, the slab was sawed longitudinally twelve feet (3.66 m)
from centerline for 40 feet (12.2 m) as shown in Figure 14. Deflections were then taken at eight,
nine, ten, eleven and thirteen feet (2.44, 2.74, 2.05, 3.35 and 3.96 m) from centerline. The
thirteen foot (3.96 m) deflection is of particular interest here because it now is the deflection
of a strip footing rather than a slab. This value was found to increase by about 30% for the A-6
embankment (Test Section 203) after the longitudinal saw cut. Finally, traverse saw cuts across
the shoulder were made at the ends of the longitudinal saw cut and the deflection measurements
were repeated, but no increase in deflections was noted.

Rased on the deflections obtained after the saw cut, if a widening is based on the Full-
Depth design, the thickness of the Full-Depth should be increased by 20%. This additional
thickness will result in approximately the same deflection that a 28 foot (8.53 m) design slab
waould experience.
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FINDINGS AND CONCLISIONS

Full-Depth does not have the same Benkelman Beam deflection behavior as aggregate
base flexible pavements, The deflections are much more sensitive 1o the temperature of the
bituminous. The deflections are in fact so dependent on temperature that is nearly masks the
seasonal effect. The seasonal effect can only reduce the deflections by about 30% at the most
from the peak season deflection and then only at the season extremes such as early March or
October. The temperature, on the other hand, can vary the deflection by as much as 300%
any time of the year. For instance, a deflection of 0.010 inch (0.25 mm) at a 400F (4.40C)

mat temperature can increase to 0.030 inch (0.76 mm) if the mat temperature increases to 1100F
(43.30C).

Analysis of the deflections, adjusted to peak season deflection at an 800F (26.70C) mai
temperature, show that the deflections are very sensitive 10 the pavement thickness in the five
to nine inch {12.7 w0 22.9 cm) range. But, as the pavement thicknass increases beyond twelve
to thirteen inches, (30.5 to 33.0 cm}, there is little decrease in measured deflections. This
infers that a single assigned unit G.E. velue to Full-Depth is not appropriate. Comparisons of our
Full-Depth test sections 1o our aggregate base flexible test sections show that a seven inch {17.8
cm) Full-Depth pavement deflects the same as a flexible pavement with 33.5 inches (85.1 ¢cm) of
G.E. The unit G.E. of Full-Depth varies with its thickness;, for example, it is 1.5 at a thickness
of 8.9 inches {17.5 cm} and 3.0 at 5 thickness of 10.8 inches (27.4 cm).

From the special edge effect deflection study, it was found that Full-Depth on plastic soils
deflects about 30% more at the edge of the pavement than it does two feet from the edge. This
same increase in deflections also occurs in narrow, less than four feet {1.22 m), Full-Depth
widenings. In order to reduce the deflection of a widening 1o the deflections of a normal pave-
ment, the “ull-Depth thickness should be increased by 20 percent.

Early indications show that the performance of Full-Depth is comparable to aggregate base

flexible pavéments provided they have ‘he same peak season 800F (26.70C) Benkelman Beam
deflection.

-38-



- ZCOMMENZATIONS

For the =zva'uzsion of Full-Depth, surface condition ra:ings should include block cracking
or Ciass 2 cracking, but with different block dimensions than a nominal six inch {15.2 cm)
dimansion. !f the Full-Depth is 15 inches {38.1 cm) thick, a six inch {15.2 cm) block pattern

indicate an advanced state of distress. When defiection measurements are made on Full-

Cepth, they should be adjusted to a seasonal maximum 800F (26.70C) deflection by using the
rztios from Figure 10.

|1 is cautioned that spring resirictions on Full-Depth pavements do not adequately protect
the pavement rom damage. Spring restrictions are placed to limit loads during periods when
cavements have high deflections, Full-Depth has the highest cefiection pericd in July and Auguss.

fherefore, Full-Dapth should not be designed znd construcied at reduced thickness with the

intent of protecting the pavemeant with spring restrictions. The only instance of failure encount-
erzg among the Fuli-Cepth 1881 sections occurred in July.

uli-Depth should be cesignhed 1o provide the egquivalent strength as a designed aggregate

meant by using Figure 12. For Full-Depth widenings. increase the thicknesses in Fi

the 2331 base should be reduced 10 28 fest (B.85 m) in 2ll cases.

ne width of 1
roedways, the 2331 base should be shified one foot (0.3 m) 1o the
encroschment. [n moest cases, this woulo result in 2331 base extend-

Cle
13 feet (3.97 m} left of

centerline. Until data can be sccumulated

der, it would be safe to continue build-

—fr\.e\er, the left Iane of a four lane rozsc
Tic, there would be not nead for the 2337 base 1o

Full-Cepth sections should centinue io be monitored until an adeguate estimation

o

o7 their performance ¢an be made. The iest section should also be retained they have been

o

overleved 1o determine the effecis of any coverlay on Full-Depth in 1erms of strength. service-
zbllity and fatigua. This would involve a continuation of the present program ot deta collection,
1t on a reduced schedule, such as every three years.



Special attention should be given to the rutting potential of Fuil-Depth, especially in high
traffic areas or on semi-plastic soils. This should be done with the intention of modifying the
recommended design chart or the bituminous mix design if necessary or possible.

Additional research should be done on pavement anzlysis based on elastic layer theory.
Elastic layer analysis may be the only successful method of analysis for predicting the rutting

poiential from calculated vertical subgrade strains when correlated to field conditions.

Special widening test sections should be set up and monitored with 8 Full-Depth widening
design as the final product.

Research on mix designs for 2331 base should be conducted to determine the potential
benefits in terms of stability, strength, and performance of specially designed mixtures.
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Appendix A

TEST SECTION DATA

1971 1972 1973 1874 1975 1976

T.5.1

Def. {in.)* 084 .070 077 074 076
N18 x 1000

Rut Depth {in.) 1 12 BN .09

ARut {in./mi.) 60 G7 69 74

PSI/PSR 3.78/3.36 3.73/ 3.71/3.46 3.58/3.81

TS 2 .

Def. {(in}* . 083 .0eg .086 00 118
N18 x 1000

Rut Depth {in.) 14 16 14 14

BRI (in./mi.) 57 Bh 58 o1

PSI/PSR 4.09/2.21 4.07/ 3.98/2.42 3.89/2.51

TS.3

Def. {in}* 081 .068 .065 063 064
N18 x 1000 :

Rut Depth {in.) 09 10 10 10

Rl {in./mi.} 88 81 84 83

PSI/FSR 3.28/3.01 341/ 3.37/3.00 3.39/3.16

TS 4 .

Def, {in.}* 065 072 073 070 067
N18 x 1000

Rut Depth {in.) 09 RN R A1

RI (in./mi.} 72 71 75 78

PSI/PSR 3.62/2.99 3.65/ 3.656/2 90 3.47/3.24

T.5.102

Def. (in,)* 048 042 034 034
N18 x 1000 71 79 a8 96

Fut Depth {in.) 18 20 .20 16

Rl {in./mi.) 108 106 116 116

PSH/PSR 2.92/3.18 201/ 2.78/3.00 2.76/3.38

*Peak 809 Deflection



TEST SECTICON DATA (Cont.)

1971 1972 1973 1974 1975 1976
T.S. 201
Def. {(in.}* .018 018 017 .018 015 016
N18 x 1000 25 51 77 104 132 160
Rut Depth {in.) 10 19 10 11 .10 13
R) (in./mi.) 52 B0 62 60 69 73
PSI/PSR 4.19/3.61 3.81/3.34 3.87/ 3.95/ 3.71/2.92 3.58/3.21
T.S. 202
Def. {in.}* 024 021 019 028 022 025
N18 x 1000 15 31 48 65 82 100
Rut Depth {in.) 05 13 11 11 10 .10
R {in./mi.) 36 54 38 35 43 F 51
PSI/PSR 4.83/4.20 411/3.73 4,74/3.94 4.87/ 4.63/3.80 4.22/3.34
T.S, 203
Def. {in.}* 017 017 017 020 013 014
N18 x 1000 g 20 30 41 53 . Bb
Rut Depth {in.) 05 A7 10 .05 10 1
RI {in./mi.} a1 51 34 35 41 40
PSI/PSR 4.60/3.99 4.21/3.88 4.94/3.77 4.88/ 4.62/4.42 4,64/5.00{+)
T.S. 204
Def, (in.)* 029 027 031 021 020
N18 x 1000 67 135 204 274 345
Rut Depth (in.) 0 20 14 12 13 15
R! {in./mi.) 56 59 56 59 63 69
PSI/PSR 4.08/ 3.91/3.29 4.05/3.17 3.96/ 3.84/3.26 3.69/3.21
T.5.205
Def. {in.}* 024 023 027 Q22 027
N18 x 1000 67 135 204 274 345
Rut Depth (in.} 0 17 a5 10 10 12
RI {in./mi.) 52 62 58 80 61 65
PSI/PSR 420/ 3.86/3.49 3.08/3.48 3.95/ 3.93/83 3.80/3.72

*Peaak 800 Deflection



TEST SECTION DATA {Cont.)

1_9_71 1972 1973 1974 1976 1976
T.S. 206 ) T
Def. (ii.)" 027 024 027 026 025
N18 x 1000 67 135 204 274 345
Rut Depth {in.} 0 16 A0 A0 N 32
RI {in./mi.}) 62 69 65 66 70 75
PSI/PSR 419/ 3.73/3.23 3.81/3.07 3.78/ 3.67/3.20 3.64/3.00
T.S. 207
Def. {in.}* 026 .026 .028 030 031
N18 x 1000 . 67 135 204 274 345
Rut Depth {in.) 0 9 14 15 A7 .20
Ri (in./mi.) 57 h9 53 56 63 70
PSI/PSH 4,06/ 3.94/3.61 4.13/3.47 4.05/ 3.82/3.64 3.62/3.08
TS 208
Def. {in.}* 045 064 070 076
N18 x 1000 19 39 b3 80
Rut Depth (in.) .28 25 30 33
RI {in./mi.) 64 67 66
PSI/PSH 4.02/3.46 3.69/ 3.65/2.78
. T.S. 209
Def, {in,)* 058 .081 086
N18 x 1000 19 39 59
Rut Depth {in.) 30 27 31
Ri {in./mi.) 66 78 92
F:SI!PSR 3.66/357 3.34/ 3.02/2.82
TS 210
Def. {in.)* 026 036 036 .034
N18 x 1000 19 39 59 80
Rut Depth {in.) .24 A7 A7 21
RI {in./mi.} 53 57 59
PSI/PSR 4.08/3.80 400/ 3.95/3.42

*Peak 800 Deflection
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TEST SECTION DATA (Cont.)

1971 1972 1973 1974 1975 1976
T.5 211
Def. {in.}* .030 029
N18 x 1000 27 55
Rut Depth {in.) 22 .35
BRI {in./mi.) G7 64
PSI/PSR 3.69/3.00 3.67/3.1
T.5.212 :
Def. {in.)* .029 029
N18 x 1000 27 S8
Rut Depth {in.) .20 .34
R1 {in./mi.) 67 59
PSI/PSR 3.88/2.90 - 3.83/2.¢
TS 213 ]
Def, {in.}* .023 .018
N18 x 1000 27 ‘ 65
Rut Depth {in.} 16 .36
R (in./mi.) B3 B0
PSI/PSR 4.14/3.30 4.10/4.
CS. 212
Def. {in.}* .029 025
N18 x 1000 27 bh
Rut Depth-{in.} 3 .26
Rt {in./mi.} 47 42
PSI/PSR 4.64/3.74 4 B0/3.
C.5. 213
Def. {in.}* 028 025
N18 x 1000 27 55
Rut Depth {in.) A7 21
Rl {in./mi.) 69 02
PSI/PSR 3.68/3.66 3.84/5.

*Peak 800 Deflection



APPENDIX B

Analysis of Test Section Spring Recovery Data

Mat Temperature Effect on Average
Spring Recovery Test Section Deflection

The strength of asphaltic concrete is very dependent on its temperature. Because of this
strength dependency on temperature, deflection measurements are adjusted or corrected to
the deflection at 800F (26.70C) so that meaningful evatuation and comparisons of pavement
strength can be made.

For Investigation 183, the average measured deflections are corrected to an 80°F (26.7°C)
deflection by adding a correction amount If the deflections were taken at Mat Temperatures
below BOOF (26.7°C). At mai temperatures greater than BOOF (26.79C), there is no generaf
indication that & correction is needed. In other words, above 80CF (26.70C), the average de-
flections are not significantly affected by the temperaivre,

A study of the Investigation 185 test sections showed that the deflections continue to
increase as the mat temperature rises above 809F (28.7CC). This is due to the increase in thick-
ness of the temperature susceptible bituminous layers.

The strength of a bituminous -pavement in terms of an elastic modulus (catled the complex
modulus) varies considerably with respect to the temperature as shown in Table B-1.

Full-Depth Benkelman Beam Oeflections are more responsive to temperature than aggre-
gate base flexible pavement deflections because the entire pavement struciure above the sub-
grade for Full-Depth is temperature dependent. The pavement structure, in terms of thickness,
of an aggregate base flexible pavement is usually only about one-third bituminous materials
so the strength of two-thirds of the structure is not temperature dependent.

To determine the temperature response of Full-Depth, the mean spring recovery (Spring
Recovery means 3 series of deflections taken on @ section throughout the year. 1t is a term that
carried over from Investigation 183 where the strength of the pavement recovered throughout
the year from the spring thaw period hence “Spring Recovery'’) deflections for each test section
were plotted against mat temperature. From the plots, it was determined that the mat tem-
perature effect on the mean spring recovery deflections above 80CF {26.7CC) was quite signifi-
cant (for examples, see Figure B-1 to B-6).
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The strength of asphaltic concrete is very dependent on its temperature. Because of this
strength dependency on temperature, deflection measurements are adjusted or corrected 1o
the deflection at 809F (26.7°C) so that meaningful evaluation and comparisons of pavement
strength can be made.

For tnvestigation 183, the average measured deflections are correcied to an 809F (26.7°C)
deflection by adding a correction amount if the deflections were taken at Mat Temperaturas
below 80CF (26.70C). At mat temperatures greater than 80°9F (26.79C), there is no general
indication that a correction is needed. In other words, above 80CF (26.70C), the average de-
flections are not significantty affected by the temperature.

A study of the [nvestigation 185 test sections showed that the deflections continue to
increase as the mat temperature rises above 800F (26.70C). This is due to the increase in thick-
ness of the temperature susceptible bituminous layers.

The strength of a bituminous pavement in terms of an elastic modulus (called the complex
modulus) varies considerably with respect to the temperature as shown in Table B-1,

Full-Depth Benkelman Beam Deflections are more responsive to temperature than aggre-
gate base flexible pavement deflections because the entire pavement struciure above the sub-
grade for Full-Depth is temperature dependent. The pavement structure, in terms of thickness,
of an aggregate base flexible pavement is usually only about one-third bituminous materials
so the strength of two-thirds of the structure is not temperature dependent.

To determine the temperature response of Full-Depth, the mean spring recovery (Spring
Recovery means a series of deflections taken on 2 section throughout the year. |1 is a term that
carried over from Investigation 183 where the strength of the pavement recovered throughout
the yvear from the spring thaw period hence 'Spring Recovery™'} deflections for each test section
were plotted against mat temperature. From the plots, it was determined that the mat tem-
perature effect on the mean spring recovery deflections above 80OF (26.79C) was quite signifi-
cant {for examples, see Figure B-1 1o B-6).



Table B-1. Temperature-Modulus relationships of an asphaltic concrete at a 0.1 second loading

impulise.
Temp. OF. Modulus {Psi)
0 1,690,000
10 1,530,000
20 1,340,000
30 1,110,000
40 860,000
50 660,000
60 468,000
70 310,000
80 190,000
90 387,009
100 38,5600

A time factor was included in the correlation to account for the seasonal variation in the
mean deflection on each section. For most instances, the time factor did not significantly effect
the correlation. This was mainly due to the effect the mat temperature had on the size of the

mean deflection masking the seasonal effect.

The seasonal variation in the mean deflection was shown 10 be significant in the next
sectiom by a separate analysis after the mat temperature efiect on the mean deflections had
been removed.

The best correlation between defiections and temperatures was obtained with a linear fit
that took the following form.

BB=Ag+ A T+ A2t
where:

Ag, A, A2 =>regressi|::r'1 coefficients
BB = soring recovery ceflection
T = temperature of the top 14" of the mat.
t = a seasonal factor

Since in most mstances, 1 was not significant, the relation took the following form:
BB = AO + A] T

BB=A1T
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Figure B-1. Mat temperature-deflection plot for Test Section 202 in 1971,
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Figure B-2. Mat temperature-deflection plct for Test Section 207 in 1972,
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Figure B-3. Mat temperature-deflection plot for Test Section 210 in 1975.
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Figure B-4. Mat temperature-deflection plot for Test Section 201 in 1878.
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Figure B-5. Mat temperature-deflection plot for Test Section 202 in 19786.
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Figure B-6. Mat temperature-deflection plot for Test Section 206 in 1976.
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where the terms are defined as before. Except for Test Sections 211, 212, 213, a mat temper-
ature range of 400F (4.49C) to 1150F (46.10C) signficantly affected the size of the mean spring
racovery deflection as shown in Figure B-1 through B-6. (400F. to 1150F, is the temperature
range in which most of the data fell.)

From the resultiing correlation between the average spring recovery deflection and the mat
temperature for each 1est section, a set of mat temperature correction factors were developed
as shown in Figure B-7. The faciors, which are actually the ratio of an 800F (26.79C) deflec-
tion to a deflection at the temperature in guestion, correct the average spring recovery deflec-
tion defermined at a mat tamperature other than 800F (26,70C) to an 8B00F (25.70C) deflec-
tion. The factors for each test section were than compared through a correfation witrr the cor-
responding Mat Temperature,

The best correlation resulted in the following relation:

M.T.C.F.= 11179181 (T)—1.075631
R =095
SE = 0.05 (Log) = 1.75%

where:
M.T. C.F. = average mat temperature correction factor.
T = mat temperature (upper 1% inches)

The correlation is good, and the standard error is small enough to suggest that there is little
difference in the correction factors from one test section to another. The asbove expression,
thus, can be used 1o generate an average set of mat temperature correction factors for mean
deflections at mat temperatures other than 800F (26.70C). A listing as well as a plot of mat
temperature correction factors can be seen in Table B-2 in Figure B-8 respectively. It is interes-
ting to note that the factors increase quite rapidly at mat temperature below BOOF (26.70C)
indicating significant increases in paverment strength at those lower mat temperatures. Above
80OF (26.70C), the pavement continues 10 become weaker as indicated by the fractional cor-
rection factors. This is in contrast to the conventional test sections of Investigation 183 with
thinner bituminous layers where the mat tempersturz does not appreciably aftect pavement
strength above 80C0F (26.7°C).

It should be emphasized that the factors generated by the M.T. C.F. relationship are typical
of Full-Depth thicknesses of 5% inches (14.0cm) and greater on weak soils - typically, plastic
A-4 and A-6 soils in Stabilometer R-value range of from 5 to 25. Although there has been some
indication that the factors apply on other soils, such as T.S. 203’s A-3 subgrade, there has not
been enough data available at this time 1o say with certainty that they do.



Table B-2. Full-Depth deflection temperature correction factors.

Mat Temp. (OF) M.T.C.F.
400 2.12
450 1.87
B0O° 1.67
550 1.50
600 1.37
650 1.28
700 1.16
750 1.08
80° 1.00
850 0.94
900 ) 0.89
950 0.84

10009 0.79
1059 0.75
1100 0.71
1160 0.68

M.T.C.F. = average mat temperature correction factor

The Effect of Seasonal Variation On The Average Mat Temperature
Corrected Spring Recovery Deflection

Once the approximate mat temperature effect on the mean spring recovery deflections had
been determined, the spring recovery deflections for each test section were corrected to a mat
temperature of 809F (26.70C) using relation in Figure B-8. The average mat temperature cor-
rected deflections were then plotted against the day of the year (Figure B-Q to B-14) and a
suitable relationship between the corrected deflections and the time at which they were re-
corded was determined. The relation took the following form:

BBg0 = ap(D)a1ea2D

or InBBgD=In3sg+ a1l In D+agD

where:
@_égo = average Mat Temperature corrected Spring Recovery deflection,
D = day of the year
ap. a1 and ap = regression coefficients.



Correction Factor to an 809F Deflection

2.580

2.00

1.50

1.00

050

40 50 60 70 80 90 100 110 120

Mat Temperature (OF)

Figure B-B. Full-Depth deflection temperature carrection factors.



In all instances, time significantly affected the size of the average mat temperature cor-

rected deflection.

To aid in comparing the effect of time on each test section’s Spring Recovery deflection,
the maximum Spring B_Bgo predicted by the relationship and the average time at which it oc-
curred was calculated from the following relations:

Dmax = — 21

32
Max BBgg = 30 (—31/82)813‘32(—31/32)

A list of the results of the above calculations is shown in Table B-3. The table shows that
the maximum spring BBgp occurs between about the first of May and the middle of June.

To determine the average time effect, spring recovery correction factors were generated
for each test section in Table B-3 by ratioing the deflections calculated for other times in the
year to the calculated maximum ﬁgo. These ratios were then compared with the corresponding
date through a correlation. The following is the result of the analysis:

SRCF. =2428182 (D) —0.8087580.005788 (D)
R =0.86
SE =0.05 (on LN) =5.19%
S.R.C.F. =ihe avarage Spring Recovary Correction Factor
D = number of days into the year {April 26 is 118)

The carrelation is good, and the standard error is small enough to suggest that there is
little difference in the correction factors from one test section to another. The above expres-
sion, thus, can be used 1o generate an average set of Spring Recovery Factors for the mean
mat temperature corrected deflection, A listing as well a8s a plot of the above relation can be
seen in Table B-10 and Figure B-15 respectively.
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Table B-3. Date of Pesk Temperature Corrected Deflection by Test Section and Year.

Predicted

Peak Day of Max. Pavement
TS Year BBgg Deflections Thickness Embankment
102 1973 33.38 117 10 A-d R=17
102 1974 33.78 131 10" A4 R=17
102 1975 29.82 142 10 A-4 R=17
201 1871 14.89 137 181727 A-6 R=8.5
201 1975 15.21 128 15-1/2" A6 R=85
202 1971 17.85 138 13" A-8 R=10
202 1975 18.65 145 13" A-6 B=10
203 1971 14.30 136 7" A-3 R=72
203 1972 12.76 132 7" A-3 R=72
203 1875 9.94 162 7" A3 R=72"
207 1972 22.50 148 9 A-B R=20
208 1875 64.07 150 8 A-6 R=20*~
209 1875 74.09 141 6" A-6 R=19**
210 1875 31.83 167 107 A-6 R=22**
212 1975 3338 128 7-3/4" A-4 R=53

*This defiection value is the maximum as determined from the equation @BQ = a1(D) a1 ¢ 22 D, not
the maximum observed deflection corrected to 800F,

" *The R-value on test sections 208, 103, 210 that are listed in this 1able were the R-values that were ob-
tained prior to paving. Subgrade samples taken from the subgrade of test section 209 in the northbound
lane, during a later maintenance repair action, resulted in R-vaiues between 8 and 10.
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Figure B-8. Temperature corrected spring recovery for Test Section 102 in 1975.

Table B-4. Ratio of temperature corrected peak season deflection to the temperature corrected
deflection at other dates for Test Section 102 in 1975.

Date Ratio
March 1 1.28
March 16 1.15
March 31 1.08
April 16 1.04
April 30 1.01
May 15 1.00
May 30 1.00
June 14 1.01
June 29 1.03
July 14 1.05
July 29 1.08
August 13 1.11
August 28 1.15
September 12 1.20
September 28 1.25
October 12 1.30
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Figure B-10. Temperature corrected spring recovery for Test Section 201 in 1975,

Table B-b.  Ratio of temperature corrected peak season deflection to the temperature corrected
deflection at other dates for Test Section 207 in 1875,

Date Ratio
March 1 1.17
March 16 1.09
March 31 1.04
April 15 1.01
April 30 1.00
May 15 1.00
May 30 1.01
June 14 1.02
June 29 1.05
July 14 1.08
July 29 1.11
August 13 1.15
August 28 1.19
September 12 1.24
September 28 1.30
October 12 1.35

-5O-



"""" BBa0 = DOBTY £ =0.0050D "
R=099 ... =~ P e
SE=0T3NUN) . o I Il

BBgao (inches). © |

Do DayofYear LIl Lot Tiioo

Figure B-11. Temperature corrected spring recovery for Test Section 203 in 1971.

Table B-6. Ratio of temperature corrected peak season deflection o the temperature carrected
deflection at other dates for Test Section 203 in 1871.

Date Ratio
March 1 1.18
March 16 1.1
March 31 1.05
April 15 1.02
April 30 1.01
May 15 1.00
May 30 1.00
June 14 1.01
June 29 1.03
July 14 1.06
July 29 1.08
August 13 1.11
August 28 .14
September 12 1.18
September 28 1.22
Ociober 12 1.27
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Figure B-12. Temperature corrected spring recovery for Test Section 207 in 1972,

Table 8-7.  Ratio of temperature corrected peak season deflection 10 the temperature corrected
ageflection at other dates for Test Section 207 in 1972,

Date Raiio
March 1 1.27
March 16 1.16
March 31 1.09
April 15 1.04
April 30 1.02
May 15 1.00
May 30 1.00
June 14 1.01
June 29 1.02
Juty 14 1.03
July 29 1.06
August 13 1.08
August 28 1.1
September 12 1.15
September 28 1.19
October 10 1.24
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Figure B-13. Temperature corrected spring recovery for Test Section 207 in 1976.

Tobie B-8. Ratio of iemperature corrected peak season deflection to the tempersture corrected
deflection at other dates for Test Section 207 in 1976.

Date Ratio
March 1 1.32
March 16 1.19
March 31 1.11
April 15 1.06
April 30 1.02
May 15 1.01
May 30 1.00
June 14 1.00
June 29 1.01
July 14 1.02
July 28 1.04
August 13 1.07
August 28 1.10
September 12 1.13
September 28 1.17
October 12 1.21

= 8
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Figure B-14, Temperature corrected spring recovery for Test Section 208 i 1975.

Table B-8. Ratio of temperature correctied peak season deflection to the ternperature corrected
deflection at other dates for Test Section 208 in 1975.

Date Ratio
March 1 1.36
March 16 1.20
March 31 1.10
April 15 1.05
April 30 1.01
May 15 1.00
May 30 1.00.
June 14 1.01
June 29 1.04
July 14 1.07
July 29 1.70
AuLgust 13 .15
August 28 i.20
September 12 1.26
September 28 1.33
October 12 1.41



Table B-10. Average Full-Depth Spring Recovery Correction Factors

Date S.R.CF.
March 1 1.25
March 16 1.14
March 31 1.07
April 15 1.03
April 30 1.01
May 15 1.00
May 30 1,01
June 14 1,02
June 29 1.03
July 14 1.06
July 28 1.08
August 13 1.12
August 28 .16
September 12 1.20
September 28 1.26
October 12 1.31

S.R.C.F. = Spring Recovery Correction Factor
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Full-Depth Benkelman Beam Deflection Correction Factors For
Mat Temperatare and Time of Year

When the Mat Temperature Correction relationship is combined with the spring recovery
correction relationship, an expression refating both variables {(mat temperature ang time) to the
average spring recovery deflection in terms of a factor can be determined. This expression is
as follows:

—1.07531 ;~1—0.80875  0.005788 (D)
TCFD = 271450861 (T) (D) e (

where:
TChp = Full-Depth deflection correction factor for Mat temperature and date
T = Mat temperaiure of the top 1-1/2 inch
D = Day of the year

The above relationship was plotted and can be seen in Figuré B-i6.

To approximate a peak spring deflection at 2 Mat Temperature of 80°F (26.70C) from an
average deflection, find the correction factor in Figure B-16 corresponding to the mat tempera-
ture and date at which the average deflection was determined and multiply the average deflection
by the factor as follows:

s8880 = (BB) X CFp

where: SBBgo = Average season and temp. corrected deflection.

Note: A pavement deflection should nat be presented by 2 single Benkelman Beam measure-
ment but instead should be the average of at least ten deflection measurements.

Some observations concerning Full-Depth Spring Recovery are:

{1} Full-Depth pavement deflections generally peak in mid May while flexible pave-
ments peak in mid April.

{2) Mat Temperature has quite a moderating affect on Full-Depth’s spring recovery.
The deflections peak and tend not to drop off significantly until late summer or
early fail.
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(3) The thinner the pavement becomes, the larger the spring recovery correction factors
tend 1o be. For Full-Depth pavements less than 5-1/2 inches {14.0 ¢cm) thick do
not use the Spring Recovery relationship but, instead, use the INV. 803 spring re-
covery factors.

{4) The spring recovery factors defined by relationship are typical of Full-Depth thick-
nesses of 5-1/2 inches {14.0 cm) and greater on weak soils - typically plastic A-4
and A-6 soils in a Stabilometer R-value range of from 5 to 25. Although there has
been an indication that the factors apply on other soils (TS 203 with an A-3 sub-
grade), there has not been enough data availabls at this time to say with certainty
that they do.

(5) The Full-Depth sections at Princeton (Test Sections 211, 212 and 213) do not
follow the general mat temperature and spring recovery pattern of the rest of the
Full-Depth sections in the study. The test sections bleed at a high mat temperature.
This generally lowers the deflection result because the beam probe slowly settles
in the pavement while the pavement is recovering from the axle load. The test
sections appear not to be as temperature sensitive as the other sections in this study
and exhibit substantially higher spring recovery ratios than the other sections in
the study.

SUMMARY OF 2331 BITUMINOUS GRANULAR EQUIVALENCY ANALYSIS
Bituminous Base vs Aggregate Base

Now that each test section can be identified with a deflection that has been adjusted for
season and temperature {SBBBO), a structura! analysis can be done on Full-Depth pavements.

A comparison between INV. 1985 TS’s and similar INV, 183 TS’'s was made to determine

the average effectiveness of 23371 Bit. in reducing 5@80 deflections. The analysis took the
following form:

n (8@80) =85 — 2 (GE) — ap (B.T.F.}) or

— & T.F.
JBBeg - eao/ea1(G )eaz(B )
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where:
SB B80 = Benkelman Beam deflection corrected for temperature and date

B.F.T. = Base type factor, 1 for Full-Depth, O for conventional.
G.E. = total Granular Equivalency

If there is a significant reduction in deflections on tha INV. 195 TS's, then this reduction
can approximately be attributed to the 2331 bituminous in the INV, 195 TS’s. The average

deflection reduction factor {or G.E.) for 2331 can be determined by the rearession coefficient
a5 in the following relationship

GE =2 2

Where 2 is the previously assigned unit Gravel Equivalency of 2331 bituminous base mix-
ture for the Full-Depth Test Sections and 35 is the regression factor representing the average
deftec-ion separation between the INV. 195 data and INV. 183 da1a.

A Graphicat Representaiior cf Analysis of Data
— 20
3B =
sPPRO a
\\ > e’ (G2) 22 BTF)
) +
I_ oy
N ?,;/b e8> (B.T.F.) represents the average deflection
’\/ZK reduction between the two bodies of data.
G4 a
RESULTS

n (BBgg) = Tna, — a; (G.E)—a, (BT.F)

L evel of
YEAR COEFF t-1est R SE Significance
1973 +4.96024 = a,, 30.96 083 0.5 (1n) 0.1%
~0.05889 = G.E. 203 0.1%
—0.22629 =B.T.F. 252 _ 5.0%
2331 Bit. R.F. = 2¢0-22629 =251



Applying 2.51 to 2331 Bit. in Inv. 195 fest sections to calculate a new Inv. 195 G.E. and
re-running the analysis resutts in the following:

Level of
YEAR COEFF. t-1est R SE Significance
1973 +4.87585 = aq 31.73 0.83 0.26 . 0.1%
—0.05477 = G.E. 7.85 0.1%
-0.00488 = B.T.F. 0.05 Not Significant
1974 +5.10492 34.78 0.86 0.23 {In) 0.1%
~0.05845 = G.E. 8.69 0.1%
—0.25058 = B.T.F. 3.06 . 1.0%

2331 Bit. R.F. = 2e0-29058 = 757

Applying 2.57 to 2331 Bit. in inv. 195 test sections to calculate 8 new Inv. 135 G.E. and re-
running the analysis results in the following:

1974 +65.01498 = 3 35.58 0.85 0.24 (In) 0.1%
—0.05383=G.E. 8.42 0.1%
+0.00348 = BT.F. 0.04 Not Significant

1975 +5.11776 = 3, 28.25 0.82 0.28 {In) 0.1%
--0.06341 =G.E. 7.64 0.1%
-0.22979 =B.T.F. 2.27- 5.0%

73371 Bit. R.F. = 2022979 = 562

Applying 2.52 to the 2331 Bit, in Inv. 195 test sections to calculate a new Inv. 185 G.E.
and re-running the analysis results in the following:

1975 +5.03385 = a,, 28.35 0.8 0.29 {In) 0.1%
—0.059303 = G.E. 7.35 0.1%
+0.01284 =B.T.F. 0.12 Not Significant

1976 +5.00851 = a 27.52 0.80 0.29 (In) 0.1%
—0.06019 = G.E. 772 0.1%
—0.20565 = B.T.F. 2.02 5.0%

2331 Bit. R.F. = 2e0-20565 _ 5 44
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YEAR COEFF.

t-test

Level of

SE Significance

Applying 2.46 to 2331 Bit. in Inv. 195 test sections to calcualte a new tnv. 195 G.E, and

re-running the analysis resuits in the following:

1976 +4.92731 =3

o

—0.06622=G.E.

+0.00849 = B.T.F.

[N

O~
(6]

O o W
(S STEPN

0.80

ANALYSIS SUMMARY

0.30(In) 0.1%
0.1%
Not Significant

YEAR 2331 Bit. R.F.
1973 251
1974 2.57
1975 252
1976 246
Average= 2.52
Present G.E. Indicated G.E.
inv. 196 T.S. 2331 Bi*.=2.0 2331 Bit. = 2.52
1 10.75 13.54
2 14.00 17.64
3 15.00 20.16
4 11.050 14.49
102 22.00 27.20
201 31.88 38.12
202 26.75 31.95
205 26.75 20.29
206 24.75 2843
207 18.75 21.87
208 16.00 20.18
210 20.00 265.20

The indicated G.E.’s are the G.Eirequired to reduce the varisnce to a non-significant level
between the Inv. 195 deflections (;BBgg) and the Inv. 183 deflections.

The abave Inv. 195 Test Sections are the Test Sections used in this analysis.
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Another G.E. analysis approach for Fuil-Depth is using the equation

log (BBgg =2.65—0.016 G.E. —0.56 log R.

Il

sB_BBO average deflection corrected for season and temp.

I

G.E.
R = R-value of ihe subgrade

Granular Equivalent
This eqg-.ation is an unpublished 1nv. 183 relationsnip. Solving this equation for G.E. ~esults

G.~.=155.6-62.5 log (BBgg — 35.0 0g R.

A G.E. for each Full-Depth test section is then calcutated using this equation based on
the deflection {{BBgp) of the Full-Depth test section and its respective subgrade R-value.

The resulting G.E. can then be compared with the thickness of each section as shown in
Table B-11 and Figure B-17. The relationship shown in Figure B-17 shows that 5 inches {12.7
cm) of Full-Depth on a plastic soil, which has a very high deflection cannot be assigned a value
in terms of G.E. On the other end of.the graph, it is seen that there would be little reason to
build a Full-Depth pavement over 15 inches (38.1 cm) thick since that develops a GE of 56.4
inches {143.3 em). However, there may be other controlling factors requiring greater thickness,
such as the need to limit subgrade strain to control rutting.

The results of the G.E. versus thickness analysis compares agreeably with the foliowing
analysis that was done to correlate a cslculated spring deflection to paverment thickness.

The average peak spring deflections, corrected 10 80OF (26.79C) were correlated with total
structural thickness for the Full-Depth Test Sections on plastic embankments (see Figure B-18
and Table B-11). The following resulted:

— (T)
BBgn -
STT80=  _427.13+77.68(T)

R=0.96
SE = 0.08 or about 8%

The above expression indicates a minimum design thickness of about 5.5 inches {(14.0 cm),
while as the structure become thick, a limiting deflection of about 0.013 inches (0.33 mm]
iS approached:
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Table B-11. G.E. Analysis of Inv. 195 Test Sections

Calculated Paverment
TS. BBgp R-value G.E. Thickness
201 0.017" 8.5 56" i5.1/2"
202 0.023" 10 45" 13"
203 0.017" 72 24" 7"
205 0.023" 21 34" 137
206 0.026" 17 34" 12"
207 0.028" 20 30" g
208 0.066" 10 17" 8"
209 0.075" 10 13" 6"
210 0.033" 10 36" 10"
212 0.029" 59 12" 7-3/4"
102 0.039" 17 23" 10"
1 0.076" 21 2" 5.38"
3 0.068" 21 5" 8"
4 0.070" 18 6" 5-3/4"

Note: T.5.'s 211 and 213 were not included because of a very wide R-value range. T.S. 2 was
not used due to excessive subgrade moisture and pumping.

A
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Full-Oepth Thickness in fnches (T o}

Unit G.E.

10

L east Squares Fit

T=508+0.176 G.E.
r=0.91

0 10 20 30 40 B0 60
Total G.E, in inches
0 1.46 2.23 2.90 3.30 3.60 3.84

Figure B-17. Full-Depth thickness versus G.E. refationship.



Peak Season 80CF. Deflection {Inches)
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—427.13 +77.68 T,
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Full-Depth Thickness, T (Inches)

Figure B-18. A relationship between Full-Depth thickness'and ¢BBgg.
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Table B-12. Predicted deflection based on Fuil-Depth Thickness

sBBgo
TEST SECTION THICKNESS (T) in.) T/s§§80 x 1000 (in.)

1 5.38 0.0707895 76

3 8 0.1176471 68

4 B-3/4 0.0821422 70
201 15-1/2 0.2117647 17
202 13 0.5652174 23
205 13 0.b6b2174 23
206 12 0.4315385 26
207 9 C.321428¢ 28
208 8 C.i2i2121 66
209 6 0.0300000 75
210 10 0.3030303 33
102 10 0.2564103 39

T
$3380 = Z0.42713+0.07788 (T)

R=0.96
SE = 0.03C or about 7%

From the above equation, if the deflection is allowed to go 1o infinity, the corresponding thick-
ness is 5.4 inches. [n other words, the vertical asymptote is at T=5.4. The horizomal asymptote
corresponds to a deflection of 0.013 inch. More or less, the equation infers that the deflection
could not be restricted to less than 0.013 inch by adding additional thickness.
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Tahie 8-13. Deiasciion reducion due to a thickness increase

Reduction Deflection
T2 To Factor Reduction in
(inches) (inches) R.F. Per Cent
6.5 7 0.72 28.0
7.5 8 0.85 15.0
8.5 8 0.91 9.0
95 10 0.94 8.0
105 11 0.95 5.0
115 12 0.6 4.0
12 13 0.24 6.0
13 14 0.95 5.0
14 15 0.96 4.0
15 16 0.97 3.0
16 17 0.97 3.0
17 18 0.97 3.0
18 19 0.98 20
19 20 0.98 2.0
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(T)
ie lingBBgy = lim —427.13 + 77.68 [T)
T—55" T—55"

o (T)
ie. limgBBgy =lim —427.13 + 77.68 (1)

—» (13

As can be seen in the Table B-13, a significant reduction in deflection (10% per inch) occurs
up to about 11 inches {(27.9 cm).

Several regression modals were tried to develop a correlation between the peak 80°F (26.7°
C) Benkelman Beam dsaflection and the pavement thickness and subgrade R-Value. Even with
adding several test sections to the correlation that are not in this investigation, there are no
test sections to provide a good sample across the range of R-Values and thicknesses. The most
successful mode! (Figure B-19) to date is:

TnisBBgg) = 8.80 — 0.363 T — 1.30IAR + 0.0737(T}1nR.
R=0.02 S.E. =0.23 (26%)

Where:
5BBg = Peak season 80°F Benkelman Beam deflection X 1000 in.
T = Pavement thickness in inches,
R = Hveem stabilometer R-Value.

This shows that, as the pavement thickness incrasses, the R-Value looses significance in
terms of effect on the Benkelman Beam deflections; however, as the thickness decreases, the
deflections for the iow R-Value subgrades increase rapidly.

G.E. Calculations Based On The Control Sections

The G.E. values of Fuli-Depth were abtainied by comparising the deflection behavior of the
Full-Depth sections with their corresponding control sections. The method that was used to
determine a Full-Depth G.E. was to calculate a Full-Depth thickness that would have a deflec-
tion value equal t¢ the control section, This, in most cases, was done by interpolation or re-
aression techniques based on the thickness and corresponding deflection of the Full-Depth
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Figure B-12. The relationship between Banke!man Beam deflection, Fuill-Depth thickness, and subgrade R-value.



secitons. The result was an aggregate base section and an equivalent Full-Depth section when
compared on a deflection basis. The Full Depth G.E. was then calculated in two ways. First,
the aggregate base section was expressed in terms of total G.E. based on presently assigned
values. Then the Full-Depth thickness was divided into the total G.E. value which resulted in
a unit G.E. Value for the Full-Depth sections. The second method of calculating & unit G.E.
value for Full-Depth was to subtract the thickness of the bituminous of the control sections
from the calculated Full-Depth thickness. The remaining thickness was then directly compared
to the G.E. of the aggregate base of the control sections.

Test Sections 204, 205, 206 and 207 At Madison

The first step in the G.E. analysis of these sections was to establish a linear relationship
between deflection and pavement thickness for the Full-Depth sections. From this relationship,
it was calculated that a Full-Depth thickness of 11.5 inches (29.2 cm) had the same deflection
as Test Section 204 (Test Section 204 has 8 inches (20.3 cm) of bituminous and 12 inches
{30.5 cm) of Class 4 and Class 3), which has a total G.E. of 25 inches (83.5 ¢cm). This resuits
in a unit G.E. of 2.17 for the bituminous base. Also, The aggregate base of Test Section 204
was compared with the blituminous thickness of the calculated Full-Depth equivalent. The 12
inches (30.5 ¢m) of Class 3 and 4 in Test Section 204 provided the same deflection resistance
as 3% inches (8.9 cm} of 2331 bituminous base which resulted in a unit G.E. of 2.57.

Test Sections 208, 209 and 210 at Prior Lake

The G.E. analysis for these sections followed the same form as described for the Madison
sections except the Full-Depth thickness versus deflection relationship was determined by a
linear full log modet. This relationship was then compared with the geflection behavior of the
test sectians from Special Study No. 232.

The average G.E. of Special Study 323's Test Section 1 is 16.4 inches (41.7 cm) and it
had the same deflection as a calculated 7.15 inch (18.2 cm) Full-Depth pavement which re-
sulted in a Full-Depth unit G.E. value of 2.29. Special Study No. 323’s Test Section 4 has a
G.E. of 18.8 inches {47.6 zm) and has the same detiection as a calculated 7.99 inch (20.3 ¢m)
Full-Depth pavement which resulted ‘'na unit G E. of 2.35.
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The bituminous thickness of Test Sections 1 and 4 was subtracted fro— their equivalent
Full-Depth thicknesses, which resulied in 3.8 inches (8.9 cm) of 2331 base compared with
the 12.4 inches (31.5 cm) of Class & for Test Section 1 for a unit G.E. 3.18 and 3.99 inches
(10.1 cm) of 2331 base compared with 8.42 inches {21.4 cm) of Class 5 in Test Section 4 for
aunit G.E. ot 2.11.

Test Sections 211, 212 and 213 at Princeton - Milaca

The Full-Depth eguivalent 1o control sections was calculated by direct thickness interpols-
tion. The deflections for Control Sections 212 and 213 lie between the deflection for Test
Sect.on 212 and 213, With this method, tne unusual defiaction behavior of Test Section 211
did not influence the calculations.

Control section 212 had the same deflection as a calculated 8.4 inch (21.3 cm) Full-Depth
pavement. Control section 212 has a total G.E. of 15.2 inches (38.6 cm) which results in a unit
G.E. of 1.81 for Full-Depth. The aggregate base of control section 212 has a G.E. of 5.87 inches
(14.4 cm) which provides the same deflection as 3.65 inches (9.3 em) of 2331 base {or a unit
G.E. of 1.65.

Control section 213 has the same deflection as a calculated 8.56 inch (21.7 em) Full-Depth
pavernent. Control section 213 has a total G.E. of 21.45 inches (54.5 cm) which results in a
unit G.E. of 251 for Full-Depth. The agaregate base of Control Section 213 has a total G.E.
of 16,57 (39.4 em)}. This provides the same deflection resistance as 5.81 inches {(14.8 cm)} of
2331 base for a unit G.E. of 2.67.

Table B-14 G.E. values determined from control sections

Calcuiated Unit G.E. Unit G.E.

Control Section Full-Depth Equiv. of Full-Depth of 2331 base
SS323 Na. 1 7.15” 2.29 3.18
SS323 No. 4 7.99 2.35 2.1
T.S.204 11.50 2.17 2.57
CS. 212 8.40 1.87 1.55
C.S. 213 8.56 2.51 2.67
Avg. 223 242



