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ABSTRACT

Thirty-seven sites were selected and monitored for five years for
temperature, moisture and deflection. From this monitoring, plus
detailed materials sampling and testing at each site, a myriad of
information was found. 1In general, subgrade materials do become
wetter after the surface paving is completed. Base materials
experience long term drying and densification. Significant
freezing takes place in the higher elevations of Arizona.
Deflection measurements using the dynaflect indicated 1little Iif
any correlation to temperature; however, a very good correlation
was found with percent cracking divided by AC pavement thickness.
In addition, dynaflect deflections seem to be influenced the most
by the subgrade deflection which 1is directly related to the
weight percent moisture content. Bound surface layers reduce the
subgrade deflection; but as cracking takes place, the deflection
increases until it reaches the subgrade value. Plate bearing
deflections indicate the worth of unbound bases whereas the
dynaflect does not.

In terms of pavement performance, the AASHTO interim guidelines
for design do not appear to have either increased the actual
pavement life or improved design reliability. On the average,
AASHTO designs do perform for 20 years; however, a very large
variance in pavement performance exists.



FORWARD AND MISCELLANEOUS THOUGHTS

This report represents a compilation of a very large amount of
data. To analyze and interpret this data, the author has relied
on statistical 1inference. Reported correlations had to be not
only significant but also reasonable in an engineering sense. In
other words, reasonable cause and effect had to exist before a
correlation was accepted. The author avoided wusing multiple
regression analysis because of a fear that an unreasonable but
perfectly good correlation might arise; therefore, it is possible
that other researchers might want to investigate multiple
relationships.

In order to achieve a readable report, no laboratory test numbers
are given in the text. Generally, the AASHTO Test Procedure was
sollowed except in a few cases. The following list gives the
test number for each test mentioned in the report.

LABORATORY TESTS

AASHTO TEST NAME
TEST NUMBER
T 87 Dry Preparation of Disturbed Soil
T 88 . Hydrometer
T 89 Liquid Limit
T 90 plastic Limit and Plasticity Index
T 99 Proctor Moisture Density
T 100 Specific Gravity of Soils
T 190 R Value Test
T 203 Auger Borings
T 204 Density of Soil In-Place by the Drive
Cylinder Method
T 205 In-Place Desity, Rubber Balloon, Volumeter
T 207 Thin Walled Tube Sampling of Soils
T 222 Nonrepetitive Static Plate Load Test of Soils

and Flexible Pavement Components

T 224 Correction for Coarse Particles in the Soil
Compaction Test
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AASHTO TEST NAME
TEST NUMBER

T 49 penetration of Bituminous Materials

T 72 Saybolt Viscosity

T 179 Effect of Heat and Air on Asphalt Materials
(Thin-Film Oven Test)

T 201 Kinematic Viscosity of Asphalts

T 202 Absolute Viscosity of Asphalts

T 209 Maximum Specific Gravity of Bituminous

Paving Mixtures

T 22 Compressive Strength of Cylinder Concrete
T 176 Sand Equivalent
ARIZONA TEST NAME
TEST NUMBER
Arizona 209 Moisture Content, Oven Dry
Arizona 210a Specific Gravity and Absorption of Coarse
Aggregates
Arizona 236 Ph and Minimum Resistivity of Soils

OTHER RESEARCH TESTS

Viscosity at 77°F - Micro—-Viscosity Test

$ Asphaltenes, N, Al, A2 and P =~ Rostler Asphalt Analysis
vanadium - Atomic Absorption Test
Permeability - Constant Head
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Some may argue that these sites do not represent the entire
state. Sites were selected for safety, convenience and different
environments. In addition, and most importantly in five years of
monitoring, which included traffic control for each and every
deflection and moisture reading, not one accident occurred.

In summary, this has been a tough report to write, primarily
because of the volume of data. Since so much information was
collected on each site (about 20 ring binders worth) the author
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ENVIRONMENTAL FACTOR DETERMINATION FROM IN-PLACE
TEMPERATURE AND MOISTURE MEASUREMENTS UNDER
ARIZONA PAVEMENTS - PHASE II

INTRODUCTION

Arizona, at present, uses the AASHTO Interim Guide (1) equations
to determine thickness of structural layers (flexible and rigid)
for new highway construction. Inputs to these equations are
based on past experience and have been empirically developed. In
the future, Arizona intends to adopt a systems apprecach to design
of both flexible and rigid pavements. Various systems for design
and management have been proposed by Monismith, Hudson and Deacon
(2), NCHRP 139 (3) and HRB Special Report 126 (4) to name a few.
All of these systems call for several inputs including traffic,
environment, construction, structural capacity and maintenance
schedule, The 1long term, five-year objective of this study was
to quantify the environmental inputs and relate them to
structural characteristics.

In order to meet the objective, a plan of measurement and
monitoring over the five-year period was adopted. The execution
of this plan involved three phases.

1. Selection of suitable highway projects and specific sites
representative of the different climatoleogical zones, soils
and traffic. Such projects also cover a large time span of
construction from 1941 to 1975. Specific history about each
project would be researched to determine what was built and
when.

2. After site selectian, sampling would be conducted at each
site to determine in-place properties, index properties and
materials characteristics. Samples were taken as part of
five separate operations spanning several vyears. These
included:

A. Installation of aluminum tubes for nuclear depth moisture
installation. Soil samples for moisture, grading and
plasti¢ity index (PI).

B. Drive sampling with a Dames and Moore sampler to obtain
samples for in-place density, moisture and shear test.

C. 1Installation of thermistors and soil moisture wafers at
recording sites to record temperature and moisture. In
addition, in-place densities were taken with a volumeter
and soil samples for moisture, Pl and gradation were alsc
taken.



D. Plate bearing tests were conducted at most sites on the
surface, base and subgrade layers. In addition, a set of
dynaflect deflections were performed immediately before
the plate bearing test. In-place density of the base and
subgrade layer was conducted with a volumeter. Following
this, soil samples were taken to be tested E£for PI,
grading, proctor moisture density, specific gravity, sand
equivalent hydrometer analysis, R value, pH, resistivity
and permeability,

E. Cores of asphaltic concrete were removed to obtain the
modulus of resiliency of the AC at various temperatures.
Also, asphalt content and asphalt ©properties such as
penetration at 77° F, absclute viscesity @ 140° F,
microviscsity at 77° F and Rostler analysis were
determined.

3. In addition to the single point in time measurements and
samples, long-~term pavement performance measurements were
taken, These included dynaflect deflection, Mays ride meter
roughness, rut depth and cracking and patching. Also,
changes in moisture were monitored with both the nuclear and

the soil moisture wafer devices. Temperature measurements
were automatically recorded every other hour on a daily
basis.

The above information will be fully displayed and reviewed. From
this, thHe analysis section will extract the meaning of the above
data in terms for predictive models and expected performance.

SITE SELECTION

Sites were selected during Phase I (5) to accommodate either the
nuclear depth moisture or continuous recording facilities. Phase
I (5) describes the entire temperature and moisture installation
procedure. Figure 1 gives a map showing the 37 selected sites.
Table 1 gives detailed information about each site. Sites are
listed in chronological order by date of construction. Each site
is numbered and this number will be wused in all tables and
figures where site information is given. Table 1 describes those
features which are thought to be fixed or unchanging with time
after construction. These include:

Site number

Site name

Route number

Direction

Mile post (MP) location

Statien

Project number

Date built of first project

Elevation in feet and meters

Geological area

Topography, vegetation and drainage

Date built of all major construction activities
Thickness in inches of all structural layers abcve subgrade

-2 -
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Layers are abbreviated and mean the following:

ACFC - Plant mixed seal coat or plant mixed asphaltic concrete
finishing course or plant mixed asphaltic concrete
friction course.

Seal Coat -~ Layer consisting of an asphaltic emulsion
plus chips

AC -~ Plant mixed asphaltic concrete

PCCP -~ Concrete

BTB - Bituminous treated base, also plant mixed

CTB -~ Cement treated base

AB -~ Aggregate base

SM - Select material

SGS - Subgrade seal
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SURFACING THICKNESS AND FREQUENCY

Considering all the layers above the subgrade to be structural
layers, several trends can be observed.

TRENDS IN AC STRUCTURAL LAYERS

AVERAGE AVERAGE AVERAGE
TOTAL INCHES AC PERCENTAGE
OF THICKNESS THICKNESS AC
YEARS ABOVE SUBGRADE INCHES OF TOTAL
1940-1946 16 2.5 16
1955-1958 16 3.3 ‘ 21
1960-1961 21 3.9 19
1963-1966 24 3.6 15
1967-1969 34 8.0 24
1973-1975 16 9.7 61
- _.0254
1 Inch = Meters

From 1940 to 1958, AC new construction remained relatively
constant. About 1958, the interstate program began in earnest.
Initially, both base and surfacing courses increased slightly.
In 1963, the AASHTO interim design guidelines were adopted.
Although AC surface thickness increased dramatically from 1963 to
1969, base course thickness also increased, thus keeping the
ratio of AC to total about 20 percent. Since, 1970, base
thickness has declined rapidly to the point where the newer
sections are virtually full depth, with very thick (more than 10
inches of AC) AC surfacings becoming quite common.

Concrete new construction from 1968 to 1974 remained constant
with a section of 8 inches PCCP, 6 inches CTB and 6 inches SGS
being virtually a standard. Since 1976, concrete sections became
thicker with 11 or more inches of PCCP with no CTB or SGS.

- 10 -~




Overlay frequency for AC pavements is described below:

FREQUENCY OF OVERLAYS

TOTAL AVERAGE
NUMBER CUMULATIVE
NUMBER OF THICKNESS
YEARS OF NO. NUMBER OF OVERLAYS OF OVERLAY
ORIGINAL OF OF SEAL & SEAL & SEAL
CONSTRUCTION PROJ. OVERLAYS COATS COATS COAT
1936-1955 6 8 6 14 3.8
1956-1960 6 7 2 9 3.3
1960-1963 5 3 0 3 6.0
1964-1966 5 1 0 1 2.5
1967-1975 5 1 0 1 .5
1 Inch =
.0254
Meters
The figure below describes the historical process of overlaying

or seal coating.

Generally,

PERCENT

one-half of
coated by the 16th year.
received a second overlay or seal coat by the 33rd year.

all
0f these projects, about

AC projects were overlaid or seal
one~half

had

100
75
PERCENTAGE OF ALL PROJECTS WITH
1st OVERLAY OR SEAL COAT
50
> PERCENTAGE OF ALL PROJECTS WITH
2nd OVERLAY OR SEAL COAT
25
PERCENTAGE OF ALL PROJECTS WITH
drd OVERLAY OR SEAL COAT
0 - ] : I 1 \rﬁp 1
0 8 16 24 32 40

YEARS OF SERVICE
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AS CONSTRUCTED MATERIALS

0ld construction files were examined to find a description of the

materials used in each layer.
information
referenced to the site number.

what is in Appendix A.

APPENDIX A CONTENT

Appendix A contains the
material type 1in chronological
The table below is a

following
order, cross-
summary of

BY TABLES A-1 THRU A-Z4

% CEMENT
ASPHALT COMPACTION SLUMP
CONTENT DATA PI % AIR
MATERIAL AND AND SAND 28 DAY
TYPE GRADING PROPERTIES EQUIVALENT STRENGTH
ACFC A-1 A-2 -- --
Seal Coat A-3 A-4 -- --
AC A-5 A-6 A-7 --
PCCP A-8 -- -- A-9
BTB A-10 A-11 A-12 --
CTB A-13 -- A-14 --
AB A-15 -- A-16 --
SM A-17 -- A-18 --
SGS A-17 -- A-18 --
SUBGRADE A-19 -- A-20 --

- 12 -




Information on these tables has been condensed into eleven graphs
on Figure 2. From this figure, it can be seen that a wide
variety of materials has been incorporated into the highway
structure. Generally, surfacing materials such as ACFC or seal
coats tehd to be uniformly graded chips, whereas AC, BTB, pCcCP,
CTB and AB are well graded. All these layers are made up of very
clean material with the PI generally non-plastic (NP). Select
and subgrade seal are also well graded, but have PI's up to 9.
Subgrades varied from somewhat well graded to very fine.
Virtually all subgrades had more than 68 percent passing the #4
sieve. PI's ranged from NP to 52.

. FIGURE 2

GRADATION DESIGN RECORD

AXCFC ‘ GHAIDING" SIEVE $1ZES RAISED TO 0.45‘ POWER

o ? 4 ACFC 1961-1977
JESE s UL = = % ASPHALT 4272
80 - - i
B e — ASPHALT  85/100

| A AR 4000

D SITE16, 1074 S AR 2000

£ .50 ¢ A £

: A

£ w0 ]t 241' B

e i ACFC = % ASPHALT FOR CINDERS
30 + / { Vi i 1 -
=== 7.1964 10
o b e 10,1971
e
0 3 + T R—

6, 0, No.80 10 10 10 ) Y IN,
SIEVE S1ZES




FIGURE 2

GRADATION DESIGN RECORD
SIEVE SIZES RAISED TO 0,45 POWER

_ SEAL COATS 1956-1975

', ASPHALT 3.5-7.9

ASPHALT SC-6, 85/100
120/150. 200/3000

% ASPHALT 11.3

. SEAL COAT GRADING X
" == ! EMULSIONS  GRADE B
. S SEAL Y — 5
. _ BEFORE 1972 £, C0AT oA CsS
B : SEI=ALY CRS-2H
) s e ASPHALT AR 2000
il ; ; 78 / II(Y \Vl -
£ w Fi i SEAL COATS EMULSION APPLICATION
) EEAC: FROM 1972, 35-.40  GAL/YDZ
® EESE=C \q_ = GHIP APPLICATION
jis==sises EESHE [ 18-25 LBS/YD?
0 - s
GRADATION DESIGH RECORD
Ac GRADING SIEVE SIZES AAISED TO 0.46 POWER __ w00
. e i 0
===  AC BEFORE 1969 7 o
70 : i/r : A Ir/ 0
g 60 ,i, ' Ac — /‘ )’I 0 g
, S
% 50 = — £ Y 50 %
P . : L Z A S w E
P ! : ;'/A < lll_‘x SITES 1 '_ 30
* Ao ; o \/L_“ 12,1960 = 19, 1963 —=
P e s e "
o /; * : e i \\\ = Y — - ]7' ]961, ”
! : e 18, 1961 :
¢ Nu,z:%ﬂ c‘ E i8 - I H : %in. Y ;N. l/.%N.‘ i, : 1% «.0
1955-1968 CINDER MIX SITES 12,13, 1960

17 & 18, 1961
19 , 1963

% ASPHALT 3.1-3.9
ASPHALT 85/100
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AC GRADING

FIGURE 2

GRADATION DESIGN RECORD
SIEVE S12E5 HAISED TO 0.45 POWER

= o 1

90 — 90

80 A,{ T4 80

. Ac= 7~ FROM 1969 ——— "
- A= FOM_ o7 — 1069-1077 " g
! LE 7 1969 % ASPHALT 4.1-63 © = ,, |
Do AL E 7= |==| NASPHALT85/100 ——= ¢}

NE=EEs et AR 4000 =) ©

® e A = AR2000 ———

» B iz CINDER MIX 10 & 11,1971 = =

. % ASPHALT 100 =——|

o I“ & Uik, % N, %N 1IN 1% u.o

GRADATION DESIGN RECORD

CUNCRETE GRAB‘NG SIEVE SIZES RAISED TO 0.45 POWER o

90 30

30 i 80

70 - - 70
g 60 — v T ] Z 0 o
% 50 ! ‘ GONCRETE74/ 50 %
§ 40 MML’UA:L; i = f‘/ a0 %

e ——— : R

S e — CONGRETE 1968-1974 ——— "

w CEme 41)4"} o v, CEMENTI=18-20 —— SLUMP 175200 {*

0 A————— % AR = 4558—= 26 DAY STRENGTH {

= W/CRATIO 34-47 — 3610-5200 psi —

0 & & H Y, N, kAR niu. 1%,
s, 10, Noso 4o by 10 ] SN, % .
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CTB GRADING

SITE

GR

FIGURE 2

ADATION DESIGN RECORD

SIEVE SIZES RAISED TO 0.45 POWER

=S 5112 & 13, 1960 =1 - T *
® : d;n&mmm%f »
/i 19, 1963 SITE
80 1 1 80
TEEE— 220, 1963=
b NEE - CTB == CTB_1960-1974 =— "
s e = PLNPL =
{ NE=r 'SAND EQUIVALENT 1027 —,, &
: it B % CEMENT 3.0-6.0 :
N ! 7 DAY STRENGTH ©
0 B2 E-(»—',w - — I gi0E65 s
Exs s
fal Sy By 20
0 ' A 10
0 ; — - - 1]
’ 5 N;:mn‘ ‘nm ‘0 » 0 ’ 10 ] Yo, A " "  m. -
GRADATION DESIGN RECORD
BTB GBADING SIEVE SIZES RAISED Yf’)-:).ls POWER ®
00 e T =T
— SITE=—— = 7 —
" EE= 10,1058 2= T o
80 = ’I Ai/:l P 80
70 : # /}{ = - 70
o AT BTB 10571060 ——
! R % ASPHALT 1018 = i
- B0 e BTB 7 — 50 &
: 1o e ASPHALT RC-2 = 85/100 ="
¢ w I e RC-3 —200/.30[]—— o B
" - —  SITE—] MC-3 i "
/1 ==/~ 14,1960 —  CINDER MIX
® : = —A—— 37057 %ASPHALT 83120 |
o | x 71964 - ASPHALT  SC-3000 —
= ~ 200/300 =
0 o me.2borde b B : vlu [l Wi, N, Y i, l’I‘N. 1Y uo
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FIGURE 2

GRADATION DESIGN RECORD

AB GHAD'NG SIEVE SIZES RAISED TO 0,45 POWER

o0 (= FEE
50 = ’}
T : -
80
: e s - "
- H oy
70 = " i
; — —
- o s AB 7 AB 1956-1969 ————
‘é’ 60 ] . L
)
Lo ’ : Pl NP3 —
z ; ¢ T 1 o
g e . SAND EQUIVALENT 28-93
a H Fi
40 ] >
:*r L yd
30 | . - ;
- f
T i t
- p/ 2z
» F——if :
10 .
T i ,
0 o wozborde 4 s B i, Y. Yin. Ui 1% i,
5, 20, No.80 0 0 10 6 YN, 1% 1N,
SIEVE SIZES

GRADATION DESIGN RECORD

PERCENT PASSING

SELECT MATEB'AL GRAB‘NG SIEVE SiZES RAISED TO 0.45 POWER

PEACENT PASSING

SITE® = = =
10& 11, 1958 A ——r
12 & 13, 1960 ===
17 % 18, 1961 ==
= S| ," : SELECT-
, - MATERIAL i
é 50 T ,:" ; 7-"?’
Pt ‘ ; = e ~ SELECT 1956-1975
SR =8 = Pl NP5 :
E==" — SAND EQUIVALENT 1500 ]
20 fr——3f :

10 ¥
bl B |
8 ) 7
- * +
il 1
n I
o nNe.20sib0 fo W fs El NN AN %N, 1IN A
5, 20, No.80 4o EY 0 s YN, %o,

SIEVE SIZES




FIGURE 2

GRADATION DESIGN RECORD

SIEVE SIZES RAISED TO

0.45 POWER

SUBGRADE SEAL GRADING

100 1 T ) P 100
== iR |
%0 /’%/E i %0
* t
%0 ‘ SUBGRADE Z &
7 B 7
! 7
WE SEAL=E= i}
y4
7
g2 60 +—f — 60 o
: : SUBGRADE SEAL 1960-1974 __ 5 3
€ 4 } ) &
= 50 o 1 . o =
Pl NP9
< 40 : w0 &
30 ‘ . 30
bt 4 +
20 ,ﬂl 20
10 B 10
T }
0 0
0 Na.200 100 E 8 %N, % N, % 1 in.
s, 0, No.B0 40 0 10 YN, %N,
SIEVE SIZES
GRADATION DESIGN RECORD
SUBGHABE GRADING SIEVE SIZES AAISED TO 0.45 POWER
100 T — T T T T 100
T | T T -
b ! i —— 3
%0 90
50 :jj — N 80
t ; ¥ T
t > T
70 . : =t 0
: : 23,1868 +——
(g 60 60 2
£ 50 » Z 50 -
¢ SUBGRADE L
v . + t T
. - ‘ Pl NP-52 .,
" 7
2 20
H /A
10 +—+ ,ﬁ 10
1 T |
0 : , . . ’ 0
0 No, 200 100 0 18 TN, % N AL I8 EATS
s, 20, No.80 40 EY 3 A AT
SIEVE SIZES




GEOMETRICS

Figure 3 contains a series of drawings depicting the cross
sectional view descriptive of each site's geometry - cut, £ill,
urban or side hill cut.
FIGURE 3
e LT T T T N
. T + - "
2. SYBIL RD.
7. ASH FORK
5 . | —————
| ; ‘ //,,j_g\
i T = ’
{ P o
3. CUTTER 8. WINONA
[
{
t
4. BENSON 9. WILMOT
5. SHOW LOW 10. WINSLOW
e T
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11. MINNETONKA

FIGURE 3

17. GRAZY CREEK 1

e e —
— N |
Lo i | i |
i } i |
{ {
12. DEAD RIVER 1 18. CRAZY CREEK 2
Cob : F
13. DEAD RIVER 2 B
— 19. LUPTON
14, FLAGSTAFF NB 20. MARANA T..
- //éi‘:i-‘tr-‘__,; R S
-
i
— ;
%
15. SEDONA TI 21. UPPER DEER VALLEY
D i i O A T P e
» | ;
16. TEMPE 22. AGUA FRIA RIVER RS
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23. BELLEMONT

FIGURE 3

29. COSNINO

AT T R
24, TOPOCK 30. CHERRY RD. T.I.
T -—_‘—"—m/‘:ﬁ o -
g — ///_,
il e
_ r i |
/ [
- I
[
25. WILLIAMS FIELD T.L 31. CIENAGA CREEK
| |
i | | t P
26. SUNSET POINT 32. WINSLOW BYPASS
/ﬁLLL T
1(
|
|
27. CASA GRANDE T.l. 33. ALPINE
//A.LLL?JL W I"LT ﬂ‘;," 77 N
‘\\\\ ) T
N //m\//

28. WOODY MTN. T..

D e
o e

34. LAKE PLEASANT

///"——_——‘ﬁ
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FIGURE 3

35. KAGHINA BLVD. 37. TONOPAH

36. FLAGSTAFF AIRPORT T.I

e R ‘”%u:/é( I

-/

TRAFFIC

The 18 kip single axle equivalent one-way traffic for each site
was determined. Many sites have very similar traffic loadings,
due to their being on the same route within close proximity to
one another and the lack of virtually any additional on or off
traffic, Table 2 gives the current 1978 ADT, percent trucks and
18 kip loading for 1978. 1In addition, the cumulative 18 kip
loading between activities is given for each site. As an
example, for site #1 the 18 kip cumulative traffic from the first
event (1936) to the second event (12/1956) is given in the event
#1 column. Event %2 represents the 12/1956 to 8/1974 cumulative
18 kip traffic and the event #3 column represents the cumulative
18 kip traffic from 8/1974 to 3/1979. The cumulative traffic was
derived by developing a master curve for yearly equivalent single
axle 18 kip lcads as shown below on Figure 4.

By knowing the 18 kip traffic in 1978, it was possible to apply
the derived factor for any year and calculate the 18 kip loading
for that vyear. In this way, the cumulative traffic could be
calculated for any time period. Since 1948, the 18 kip 1loading
has doubled about every eight years.

1.00 FIGURE 4

754

50

FACTOR

257
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SITE

i

Z
O o 1 O B D= O

T T R N R e N i s i s e =
U'I-P-L»INHOLOOO\IO\U'I-DLNNHO

ADT

8,000
4,562
1,458
6,032

835
4,816
3,857
5,777
7,915
5,817
5,817
5,057
5,057
3,680
4,125

16,500
5,058
5,058
5,058
8,525
6,688
5,760
6,510
3,258

10,570
5,760
5,760
5,410
5,778
4,630

175

578
3,680

3,680
4 335

TABLE 2-

TRAFFIC

1978; ONE WAY

2

TRUCKS

45.0
35.4
47.0
34.3
50.0
41.
37.
33.

7
4
8
3
3
3
2
2
8
8
0
2
2
34.2
8
1
1
4
5
3
1
0
4
8
8
0

18 kips

333,000
234,000
29,000
245,000
18,000
186,000
272,000
288,000
353,000
308,000
308,000
286,000
286,000
139,000
156,000
247,000
286,000
286,000
286,000
395,000
187,000
159,000
287,000
230,000
417,000
159,000
240,000
287,000
288,000
200,000
3,000
0
43,000
0

139,000
139,000
186.000

EVENT
#1-2

555,000
505,000
96,000
649,000
140,000
803,000
488,000
917,000
3,042,000
1,445,000
1,445,000
1,662,000
1,662,000
204,000
1,400,000
1,365,000
2,002,000
2,002,000
1,897,000
3,227,000
1,473,000
1,252,000
2,077,000
1,666,000
2,858,000
1,090,000
1,849,000
1,834,000
1,840,000
924,000
3,000

172,000
461,000

461,000
483.000

CUMULATIVE 18 kip

EVENT
#2-3
2,282,000
1,950,000
61,000
1,243,000
34,000
185,000
480,000
1,423,000

582,000
582,000
950,000
950,000
545,000

820,000
512,000

512,000
512,000

287,000

372,000

EVENT
#3-4
1,082,000
606,000
65,000
635,000
47,000
492,000
1,749,000
288,000

767,000
767,000

462,000

EVENT
#4-5

96,000

333,000
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FIELD SAMPLE TEST RESULTS

During the course of developing sites and conducting plate
bearing tests, samples of the in-place materials were taken and
tested in a manner consistent with previously reported
construction test results in Appendix A. Accordingly, Appendix B
contains the test results of field samples as shown below.

This set of data was developed to help understand the meaning of
moisture, deflection and performance measurements; however, by
knowing the materials properties at the time of construction and
at some time in the future, it 1is possible to test for the
influence of time on the materials,

APPENDIX B CONTENT

BY TABLES B-1 THROUGH B-14
COMPACTION
ASPHALT DATA PI
CONTENT AND SAND
MATERIAL AND EQUIVALENT
TYPE GRADING PROPERTIES AND R VALUE
AC -- B-1 B-2
BTB -- B-3 B-4
CTB -- -- B-5
AB B-6 -- B-7 & 8
M B-9 -- B-10 § 11
SGS B-9 -- B-10 § 11
SUBGRADE B-12 - B-13 § 14

ASPHALT AGING

Due to asphalts biodegradable nature, it ages and changes
properties with continued exposure to sunlight, heat and oxygen.
By knowing the asphalts penetration at 77°F before construction
(Table A-6) and the penetration at some future time (Table B-1),
it was possible to derive the ratio of aged to unaged penetration
and plot this relationship on Figure 5.
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As can be

value in about one year, and by two years it is

original wvalue. From two years on, the rate of aging slows, so
that it takes about eight years to reach one-eighth of the
original wvalue. A similar aging curve was derived for the
absolute viscosity at 140° F, as shown on Figure 6. For

seen, the penetration falls to one-half its original
one~-fourth its

viscosity, the aging rate is much faster than for penetration
because the viscosity is free to increase without limit, whereas
penetration is bound to a zero penetration. With this rapid
aging asphaltic concrete pavements in Arizona would tend to
become very stiff.
100
FIGURE 3
80— RATIO OF AGED PENETRATION
UNAGED
VERSUS TIME

NOLLYHIANIL TVHIDIHD 40 1NJIHId

FIGURE 6

TIME VERSUS RATE OF CHANGE

OF VISCOSITY AT 140°F

150 180 210 240

TIME IN MONTHS
400.0-
RATIO ABSOL}\J_:’EI X(;fgnsnv
AGED o° o
UNAGED °
1000
o]
1001
° e ° FOR X220
LOGY = 66544 + .0084796(X)
0 oR
. Y = 46265 (1.0197) X
N = 50
T
R'= 97490
10k MONTHS

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280
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ASPHALT CONTENT

By knowing the asphalt content at construction (Table A-7) and
the field asphalt (Table B-2), it was possible to determine the
relationship below (Figure 7).

The extracted cores tended to contain more asphalt than at
construction. This could be due to either the extraction test or
applications of tack coat and flush coats, which have gradually
increased the total asphalt content.

FIGURE 7
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ASPHALTIC CONCRETE DENSITY, VOIDS AND COMPACTION

In reviewing the <construction files, it was very difficult to
obtain both the field density and the maximum theoretical density
(Rice method) . However, laboratory Hveem densities (T.I.
compactor) for most project mixes was available. As an estimate,
the T.I. densities were plotted versus the construction field
density (Figure 8).

As can be seen, the field density is generally four pounds per
cubic foot (64 kg/m ) less than the T.,I. compactor density.
Applying this relationship to Table A-7, it was possible to
calculate the most likely field density, as indicated by starred
(*) wvalues. Likewise, it was possible to estimate the maximum
theoretical densities (MTD) by pleotting the measured MTD frem
Table B-~2 versus the T.I. compactor density (Table A-7) as shown

in Figure 9.



FIELD DENSITY AT TIME OF CONSTRUCTION

MAXIMUM THEORETICAL DENSITY (RICE METHOD)

FIGURE 8

Kg/m3

160~ — 2563
150- — 2402
& 140 o N=8 — ot
2 R = 3086
Y =33+ 100
130 — 2082
120 . . l . 1922
120 130 140 150 160
HVEEM T... COMPACTOR, DENSITY OF CONSTRUCTION MIX -
LBS/FT?
FIGURE 9 kg/m?
170+ — 27123
160 — 2563
150 — 2402
& N =21
{75 ]
| R? = 9409
140 Y=249+ 00 - 2242
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120 , . , . 1922
120 130 140 150 160 170

HVEEM T.l. COMPACTOR, DENSITY OF CONSTRUCTION MiX
© LBS/FT?
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Generally the MTD is ten (160) to twelve (192) pounds per cubic
foot (kg/m9 ) heavier than the T.I. compactor density. By
applying the Figure 9 relationship, it was possible to calculate
the expected MTD for all projects with a T.I. compaction density.
Figure 10 shows the density of AC after traffic has compacted it
compared to the construction density.

The density of the AC after two or more years of traffic
increases dramatically for those very low density mixes, but very
little for high density mixes. The explanation for this is that
low density mixes are cinder mixes. This type of aggregate is a
very rough surfaced material, which does not readily compact.
Higher density mixes are combinations of wvirtually all crushed

aggregate and sand. These mixes can be readily compacted to a
very high density at time of construction due to the aggregate
interlock. Additional densification of these high density mixes

is virtually impossible, since the aggregate would begin to break
down thus reducing the density.

Air voids are an impsrtant consideration to the design of AC
mixes. Beginning in 1969, compaction controls were placed on AC
so that at the time of construction the compaction would be 92
percent with respect to the MTD. In this way air voids would Dbe
approximately eight percent at time of constructicn, After
traffic, additional densification would take place, thus lowering
the air voids to a design value of 4-6 percent. Of the 15
projects built since 1969, seven of them were constructed with
less than eight percent voids and these projects have attained
the 4-6 percent air voids design target under traffic. Table 3
shows the degree of success in attaining the 4-6 design value.

TABLE 3

NUMBER OF PROJECTS AT VARIOUS AIR VOID LEVELS

1956-1968 1969-1977
NO AC COMPACTION CONTROL AC COMPACTION CONTROL
VOIDS VOIDS
VOIDS AFTER VOIDS AFTER
AT MORE THAN AT MORE THAN
CONSTRUCTION 2 YEARS CONSTRUCTION 2 YEARS
0-2.0 0 4 0 2
2.1-4.0 0 1 0 0
4.1-6.0 0 2 2 3
6.1-8.0 1 6 6 5
8.1-10.0 11 6 3 2
>10.0 7 0 4 2
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Evidently mixes built since 1969 have not experienced the degree
of compaction gain as those built before 1969. This is probably
a direct result of the compaction control specification. With
projects now required to achieve at least 92 percent compaction
at time of construction, the level of air voids at construction

has been reduced. In addition, contractors have found new
methods of achieving higher degrees of compaction with fewer
roller passes by using big rollers and vibratory rollers. This

emphasis on compaction at construction has led to an AC product
in the field which does not generally experience much additional
traffic compaction. More importantly, the 4-6 percent design air
void level has been achieved conly about 20 percent of the time,

Interestingly, the voids filled at time of construction had
gradually tended to increase as shown below on Table 4.

TABLE 4

VOIDS FILLED WITH ASPHALT

AVERAGE HIGH LOW

1955-1961 46.2 55.0 39.4
1962-1969 53.4 64.5 42.0
1970-1975 57.2 64.1 48.7
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BITUMINOUS TREATED BASE (BTB) DENSITY, VOIDS AND COMPACTION

By using Figures 8 and 9, it was possible to estimate the field
density at the time of construction and the MTD value for the BTB
materials shown in Table A-12. The MTD was_calculated according
to the Figure 9 equation; however, 20 lbs/ft® (320 kg/m® ) were
added to the calculated value to give a value more closely in
line with site 23/1965 and the value obtained from the specific
gravity of the aggregate and asphalt. The four BTB density tests
shown on Figure 10 indicate that the long term densification of
BTB is very similar to AC. Generally, the BTB mixes had air
voids of about 22 percent at construction, and about 19 percent
after two or more years of traffic.

CEMENT TREATED BASE

Reviewing Tables A-14 and B-5, it can be seen that the field dry
density at time of construction averaged 98 percent of the
proctor maximum density. Using this value, it was possible to
estimate the four missing field densities. After two or more
years _under traffic, the field dry densities average about 11
lbs/£Et (176 kg/m’®) heavier, or about 106 percent of the proctor
maximum density. Only site 28, Woody Mountain, showed
considerable decompaction. Field moisture at time of
construction averaged 94 percent of the proctor optimum molisture,
and this value was used to estimate the remaining four moistures.
After many years in the field, CTB moisutres averaged 119 percent
of the field moistures at construction, or about 2 percent wetter
by weight.

AGGREGATE BASE (AB), SELECT MATERIAL (SM), SUBGRADE SEAL (SGS)
AND SUBGRADE

Tables A-16, A-18, and A-20 indicated many missing proctor and
field density-moisture data at time of construction. As an
estimating process, those sites where actual proctor construction
data cculd be found were used to verify the hypothesis that field
samples taken at a later date could represent the proctor density
and moisture at the time of construction. Figure 11 shows the
proctor dry density from sample locations taken off of Tables B-
8, B~11 and B-14 compared to the actual constructin proctor dry
density.

As can be seen, the dashed regression line is very close to the
line of equality, thus it 1is reasonable to assume that the
sampled proctor dry density can be used to estimate the
construction value. This was done, and the starred (*) values in
Tables A-16, A-18 and A-20 represent the estimated constructicn
values. A similar approach was taken for the proctor optimum
moisture, which gave the following results:

NflS
R =,5989

OPTIMUM % MOISTURE = 1.15 + .87 (SAMPLED OPTIMUM
% MOISTURE) @ CONSTRUCTION
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COKSTRUCTION PROCTOR MAXIMUM DRY DENSITY

LBS/FT3

Although the <correlation

thus, the sampled

estimate the proctor percent moisture at time of construction
the starred values
To estimate the field density at time of
proctor dry density was plotted on Figure 12 versus
SM and SGS.

indicated
20.
construction

by

the field dry density for AB,

is

not
regression line places it very close to

(*)

as

the
line

slope of the
of equality;

good,
the

proctor optimum percent moisture was used to

as

in Tables A-16, A-18 and A-

construction, the

As can be seen, field

densities were about two h/£t3 (32 kg/my) heavier than the
proctor, or about 101 to 103 percent compacticn. This was
expected since historically constructicn specifications have

called for AB, SM and SGS acceptance compaction of 100 percent or

more., A similar approach

was

taken

for subgrade densities.

Results of this analysis indicated the following:

N:lO
R"=,8733

SUBGRADE FIELD DRY DENSITY @ CONSTRUCTION =

1.71 + .96

(SUBGRADE PROCTOR MAXIMUM DRY DENSITY @ CONSTRUCTION)

This corresponds to a field density about three #/ft’

less than the proctor or about a 97
this agrees very closely to the subgrade compaction specification
of 95 percent or more of the proctor maximum density.
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A similar approach was taken to estimate the field moisture at
time of construction for the base and subgrade materials.
Results of this study gave the following:

FIELD PERCENT MOISTURE

@ CONSTRUCTION = A + B»(PROCTOR OPTIMUM PERCENT
MOISTURE @ CONSTRUCTION)

BASE SUBGRADE
AB-SM-SGS

N = 19 N = 10

kS kA

R = .7916 R = ,1716
A = -3.3 A= .,5

B =1,0 B = .16

For base materials, the field moisture at construction was
generally about 3.3 percent dryer than the proctor optimum
moisture. This relationship was surprising since there is no
specification control on base course moisture content. The
subgrade estimate has considerable scatter; however, the equation
does predict field moistures of 1.5 percent to over 6.0 percent
dryer than optimum. Even though the correlation is poor, the
equation was used to estimate field moisture since no cther
estimating process was available.

By wusing the above estimating process, field dry densities and
moisture content at time of construction were calculated from the
proctor maximum dry density and optimum moisture and are
displayed in Tables A-16, A-18 and A-20 with starred values (¥%).
since field density and moisture at construction and at a later
date are available, it was possible to examine the 1long term
changes in density and moisture. During this analysis, it became
apparent that AB and SM should be grouped together, and SGS and
subgrade should be grouped together since they tended to change
both density and moisture in a similar manner. The reason for
this 1is that AB and SM historically have been very similar in
grading. Likewise SGS has tended to be closer to the subgrade
than the SM grading.

As Figure 13 shows, for AB~SM with dry densities below about 125
4/ft3, the after construction dry densities increased raising the
percent compaction up to about 110 percent of the maximum proctor
dry density. AB-SM above about 125 #/ft¥needed to decrease in
density, reducing the compacticon to about 99 percent of the
proctor maximum dry density. This relationship is very similar
to the AC densification under traffic. That is, the low density
bases are aggregates with a very rough surface which do not
readily compact. Under traffic these materials slowly compact,
thus raising their density. The higher density bases are
composed of wvirtually all crushed aggregate, which readily
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aggregate

compact under heavy lcading; however, keeping this
together or increasing 1its density without a lubricating agent
such as apshalt is very difficult.
FIGURE 13
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As can be seen, the AB~SM tend to become dryer with time. Since
at construction their moisture content is generally about 3.0
percent dryer than optimum, the long term moisture condition is
from 3.0 percent to as much as 10 percent below optimum.

Figure 15 shows the change in subgrade dry density with time.

FIGURE 15
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The SGS-SUBGRADE material tended to densify in a manner similar
to the base material. _That is, subgrades originally compacted
below about 120 $/ft° increased in density, whereas those above
120 $#/ft3tended to slightly decrease. Just as importantly, it
can be seen that a large number of SGS and subgrades decreased in
density over time. To appreciate this fact, Table 5 shows the
comparison of dry densities for both base and subgrade materials.
Although the proportion of base and subgrade materials decreasing
in density 1is very close, the SGS and subgrade materials have
experienced a greater degree of decompaction.

NUMBER OF SITES 22 35
PERCENT OF SITES BELOW CONSTRUCTICN

DENSITY 45% 49%
AVERAGE PERCENT OF PROCTOR MAX. DEN-

SITY FOR SITES BELOW CONSTRUC-

TION DENSITY 97.1% 90.8%
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Figure 16 shows the changes in SGS and subgrade moisture content
with time. O0Of the 3% observations, only 4 showed lower molstuge
two vyears or more after construction. The average loss in
moisture for these 4 cases was only .6 of the percent below the
construction moisture. Without a doubt, subgrade moistures do
fAcrease with time and those subgrades with high optimum.moisture
values experience the greatest amocunt of moisture increase.

FIGURE 16
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Another way of seeing this is to compare the two vyear post
construction field moisture to the optimum moisture for both base
and subgrade cases.

AB-SM SGS—~-SUBGRADE
N = 26 N = 35
AVERAGE PERCENT OF OPTIMUM MOISTURE 47 .9%% 88% *%

* NO FIELD MOISTURES ABOVE OPTIMUM
*%*10 FIELD MOISTURES ABOVE OPTIMUM
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To conduct a pavement design, the subgrade materials are
characterized by the Hveem R-value test at 300 psi to determine
the soil support. Generally the R-value density and moisture are
considered to represent the worst condition. During the field
sampling phase, a sufficient quantity of base and subgrade were
sampled in order to perform an R-value test. Figure 17 is a plot
of the R-value dry density versus the proctor T-99 dry density
for both base and subgrade materials. Essentially, the T=99
proctor maximum density is equal to the Hveem R-value 300 psi dry
density. Figure 18 shows the relationship between the T-99
proctor optimum moisture and the R-value 300 psi moisture. Again
the Hveem R-value moisture is essentially equal to the proctor
optimum moisture., An examination of the relationship between the
proctor maximum density and the optimum moisture (Figure 19)
showed that the two values are strongly correlated. Considerable
attempts were made to see if R value correlated with grading, dry
density or moisture content.
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HVEEM R VALUE @300 PSI, PERCENT MOISTURE

T-9 PROCTOR MAXIMUM DRY DENSITY
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Tables B-12, B-13 and B-14 were used to correlate grading, clay
content and moisture content to R value. Historically, ADOT has
kept a computer file of all R value tests. At present, 2500 test
results are in this file. From the file data, a correlation
between R value and the variables PI and percent passing the 200
sieve (-200) has been created, Figure 20. Using this figure, it
is possible to estimate the R value from the PI and -200s. The
correlation between the predicted and actual R value was quite

goocd.

ACTUAL R VALUE @ 300 PSI = -2.95 + 1.11 (PREDICTED R
VALUE) ,

2
N = 30 R~ = .8081

The above correlation set a standard by which other variables
could be examined. For this study, several individual variables
were examined for their correlation to R value. Table 6 gives
results of this work.

TABLE 6

R VALUE AT 300 PSI IS VARIABLE Y

# OF
VARIABLE EQUATION OBSERVATIONS  CORRELATION
X FORM N RZ A B
PASS 2 MICRON
(% CLAY) Y = A + B¥(X) 30 .7025 76.91 -2.
PASS 200
(-200) Y = A + B%(X) 30 .6906 87.38 -1.
PT Y = A+ B¥(X)3 30 .6740 25,11 107.
PROCTOR
OPTIMUM .
% MOISTURE Y = A + B (X) 2 30 .3216 -38.86  319.
PROCTOR
MAXIMUM
DENSITY Y = A + Bx(X) 30 .2669 -66.44
SAND
EQUIVALENT Y = A+ BX 30 7424 -13.61 16.
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As can be seen in Table 6, the R value test appears to be better
related to gradation and in particular tests that describe the
clay content of the material. Interestingly, both the =200 and
PI are very well related to the minus 2 micron (clay) material as
shown on Table 7. This relationship would help explain the
reason why both -200 and PI relate so well to the R value.

TABLE 7
Y VARIABLE IS -2 MICRON (CLAY)
X VARIABLE EQUATION FORM N R A B
-200 Y = A+BX 33 .8435 -2.87 .40
PI Y = A+BX 29 L7412 -2.61  1.13

In summary, this section has dealt with changes in materials
properties, compaction or configuration with time. All layers of
materials have experienced changes with time. Many of these long
term changes are predictable. In the next section, short term
day to day, month to month changes in temperature, moisture and
deflection will be examined.

MONITORING OF TEMPERATURE, MOISTURE AND DEFLECTION

TEMPERATURE

In the Phase I report (5), the temperature installation and
measurement process was fully described. Essentially,
thermistors were used to measure the temperature of various
layers of material. Temperature measurements were taken every
other hour at 14 selected sites ranging in elevation from 488
feet (149) meters) tc 8063 feet (2458 meters) above sea level.
Over a three vyear duration, approximately 700,000 temperature
readings were automatically recorded. It would be impcssible to
display each individual reading within this report. To suitably
handle the large body of information, tables and figures of
meaningful values have been assembled. Appendix C contains
monthly temperature tables for various depths of surface, 3 inch
(.0762 m), 9 inch (.2286 m), 15 inch (.3810 m), 24 inch (.6096 M)
and 30 inch (.7620 m}. Table 1C gives the average monthly
temperature, Table 2C shows the average monthly high temperature
and Table 3C is the average monthly low temperature. Since
designers are often interested in extreme conditions, Table 3

“shows the average monthly low temperature for January and Table 9
shows the average monthly high temperature for July by depth.

AS can be seen, temperature is generally related to elevation,
Those locations below 3500 feet (1067 m) are very Wwarm in the
summer . Asphalt at the surface of the pavement would experience
temperatures above 140°F (60 C) on a, regqular basis during the
summer. Above 3500 feet (1067 m), temperatures drop off
considerably. For these higher alevations, freezing temperatures
are common, Table 10 shows the average annual number of freeze
thaw cycles per depth, and Table 11 gives the average total hours
of freezing.
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TABLE 8
JANUARY AVERAGE MONTHLY LOW TEMPERATURE, OF

FOR 1975, 1976, 1977, 1978

SITE ELEV AIR SURFACE 3 INCH 9 INCH 15 INCH 24 INCH 30 INCH

24 488 37 46 48 52 59 58 60
6 720 38 48 50 53 57 57 61
1 994 36 47 49 51 56 56 58

16 1188 35 46 46 50 57 55 57
3 3209 28 41 427 45 55 52 53
4 4186 30 37 39 41 46 48 49

10 4897 19 27 27 43 52 41 47
7 5139 21 22 29 38 37 42 40

19 6184 15 20 é7 34 39 40 39
5 6384 18 15 21 32 41 35 36

29 6496 17 26 26 31 36 36 34

14 6958 15 18 26 30 34 33 35

36 6958 15 21 29 34 39 39 34

33 8061 10 12 21 30 31 32 33

1 FOOT = .3048 METERS; ©F = 32 + 1.8 (°C)
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TABLE 9
JULY AVERAGE MONTHLY HIGH TEMPERATURE, °F

FOR 1975, 1976, 1977, 1978

SITE ELEV AIR SURFACE 3 INCH 9 INCH 15 INCH 24 INCH 30 INCH

24 488 109 168 144 139 114 101 101
6 730 109 167 145 141 115 107 101
1 994 107 146 128 124 111 106 101

16 1188 104 145 128 121 110 102 100
3 3209 100 139 127 120 109 100 100
4 4186 96 132 120 113 100 99 90

10 4897 94 120 117 101 95 93 83
7 5138 92 105 90 93 91 82 83

19 6184 92 103 96 88 86 , 83 80
S5 6384 86 107 95 80 80 80 73

29 6496 84 99 90 85 77 74 71

14 6958 81 96 85 80 69 66 70

36 6958 81 92 81 79 72 68 66

33 8063 79 91 79 75 70 65 04

1 FOOT = .3048 METERS; °F = 32 + 1.8 (°C)
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TABLE 10

AVERAGE ANNUAL NUMBER OF FREEZE THAW CYCLES: 1975, 1976, 1977, 1978

1 INCH = .0254 M ; 1 FOOT = .3048 M

SITE ELEV 1/4" 3" g 15" 24" 30"
24 488" 2 0 0 0 0 0
6 730 2 0 0 0 0 0
1 994 2 0 0 0 0 0
16 1188 3 0 0 0 0 0
3 3209 30 15 4 1 0 0
4 4186 49 18 10 3 1 0
10 4897 78 70 37 3 6 0
7 5138 65 37 25 9 4 0
19 6184 39 24 12 11 5 0
5 6384 143 67 39 15 6 0
29 0496 56 46 32 21 10 0
14 6958 89 68 28 20 7 0
36 6958 121 91 24 8 6 0
33 8063 126 114 25 14 5 1
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TABLE 11

AVERAGE ANNUAL TOTAL HOURS OF FREEZING OR BELOW FOR 1975, 1976, 1977, 1978

SITE ELEV 1/4" 3" oM 15" 24" 30"
24 488" 7 0 0 0 0 0
6 730 6 0 0 0 0 0
1 994 8 0 0 0 0 0
16 1188 10 0 0 0 0 0
3 3209 126 89 62 15 0 0
4 4186 310 189 126 32 10 0
10 4897 880 832 490 248 72 0
7 5138 652 380 330 211 61 0
19 6184 412 318 286 212 77 0
5 6384 2410 2147 1573 615 96 0
29 6496 980 692 396 315 81 0
14 6958 1160 715 468 416 91 0
36 6958 1914 1464 276 60 55 0
33 8063 2212 2020 1222 568 394 15

1 INCH = .0254 M, 1 FOOT = .3048 M
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Considerable freezing can and does take place in Arizecna. For
elevation above 3500 feet (1067 m) and freezing index above 100,
pavement distress associated with freezing and thawing should be
anticipated and considered in the design process.

The above tables should serve as a good guide to existing
pavement temperatures. Estimates ot future temperatures can be
drawn trom these tables.

MOISTURE

Unlike temperature, which is reasonably predictable from year to
year, mcisture has always been thought of as very unpredictable.
Two . approaches to monitoring mecisture are nuclear depth moisture
and moisture cells. The Phase I report (5) describes these
devices and their installation. It was intended that the nuclear
depth moisture gauge would monitor changes in layers of scil at
least 2 feet (.61M) in thickness, wheras the moisture cells or
wafers would monitor discrete layers such as pavement, Dbase
course and top of subgrade.

Appendix D, and Tables 4D, 5D, 6D and 7D give the weight percent
moisture measured by both methods for four locations, which
include the shoulder or median, distress lane, travel lane and
passing lane. Readings at depths ot 2 (.05M), 8 (.20M), 14
(.36M), 24 (.61M), 48 (.1.22M), 72 (1.83M), 96 (.2.44M) and 120
(3.05M) inches are shown. The 2, 8, 14 and some 24 inch values
were determined from samples and readings of the Bouyoucous
moisture meter. Some 24 inch readings, plus all 48, 72, 96 and
120 inch depths, were taken with a Troxler nuclear depth moisture
gauge, To determine the weight percent moisture, it was
necessary to relate meter reading to percent moisture from soil
samples. The process of calibration was described in the first
report (5). During the course cf the project it became apparent
that a correction in the calculated moisture derived from nuclear



readings was hnecessary. Figure 21 is a plot of weight percent
moisture versus the initial nuclear reading for all sites,
derived from Table D-1, Appendix D. As this figure demonstrates,
there is a relationship between the two values; however, the
slope of the 1line 1is rather steep. If this line were used to
derive in place weight percent moisture from nuclear readings,
rather large values would be calculated. To avoid this, a
conservative approach was taken by plotting the minimum 1line.
This line represents a very conservative estimate of the expected
change in moisture for change in nuclear readings, An 1initial
formula for all nuclear depth readings was derived 1in the
following fashion:

Given travel lane aluminum tube installation, the 2 foot
initial nuclear reading = 30.0 and the 2 foot oven dry
moisture = 15.0% by weight.

The relationship would be:

$ Oven Dry = A + B (Nuclear reading) moisture, where B =

.3 = slope of the very conservation moisture line.
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In this way, if a future reading of 30.0 were obtained with the
nuclear device, the calculated percent moisutre would be 15.0%,
just as it was initially. In addition, as nuclear readings
changed, the rate of change of the weight percent moisture would
be 3 percent by weight for each 10 percent by nuclear for all
cases, In this way, all site and depth values could be
unbiasedly compressed. To check the validity of this method,
soil samples were taken at various times at the two and four foot
depths and tested for percent moisture and plotted against the
calculated values. Figure 22 was derived from this data, as
shown on Table D-2.

FIGURE 22
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This figure shows good correlation between the calculated weight
percent moisture and the actual moisture. Considering the fact
that samples were taken two to ten feet away from the aluminum
tubes, this is extremely good agreement. The slope of 1line |is
very close to the 1line of equality. This approach of using a
conservative approach to the slope of the moisture line seems to
have worked even better than expected, since the correlation line
does not appear to be unduly biased.
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Given Tables 4D, 65D, 6D and 7D, it was possible to examine the
moisture content of the embankment and subgrade layers. Tablg 12
shows the average weight percent moisture content for various

depths.

TABLE 12

OVERALL GRAND AVERAGE OF PERCENT MOISTURE BY
WEIGHT: ALL NUCLEAR SITES: ALL READINGS

UNCOVERED
SOIL
NEXT TO DISTRESS TRAVEL PASSING
HIGHWAY LANE LANE LANE
2 Feet 9.9 13.8 12.4 11.4
4 Feet 11.1 16.1 16.5 14.8
6 Feet 12.4 15.0 17.1 15.7
8 Feet 11.2 14.5 17.4 13.2
10 Feet 15.4 16.9 15.3 15.1

As can be seen, the average molsture content under the highway is
considerably greater than the normal soil moisture next to the
highway. All nuclear sites were located on interstate highways
with transverse slopes of .015 ft/ft or .020 ft/st and the twe
foot (.6m) moisture content decreases across the road {(distress,
travel and passing lane) as the elevation increases,
Interestingly, three out of four of the highest moisture contents
occcurred in the travel lane at the four, six and eight foot (1.2,
1.8, 2.4 m) depths. The average moisture contents at various
depths on Tables 4D, 5D, 6D and 7D are probably representative of
an equilibrium moisture condition. If this 1s true, how much do
they vary? Table 13 gives the average standard deviation of
moisture content by depth and location. This value was derived
by adding the variances and dividing by the number of cases to
create an average variance, which became the standard deviation
by taking the square root.

As expected, the uncovered soil experiences greater fluctuation
in moisture than the covered locations under the highway.
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TABLE 13

OVERALL AVERAGE STANDARD DEVIATION OF PERCENT
MOISTURE BY WEIGHT; ALL NUCLEAR SITES, ALL READINGS

UNCOVERED
SOIL
NEXT TO DISTRESS TRAVEL PASSING
HIGHWAY LANE LANE LANE
2 Feet 1.3 .9 .8 .8
4 Feet 1.0 .9 .8 .5
6 Feet .8 .8 .8 .7
8 Feet .8 .5 .8 .6
10 Feet .0 .5 .7 .6

With the knowledge of an equilibrium moisture content expressed
by the five-year average and the variability, two questions
arise, Can the -equilibrium moisture for the travel lane at
various depths be predicted and can the seasonal moisture content
above or below the equilibrium be estimated? The travel lane was
selected to derive a prediction equation because 1t generally
experiences the largest proportion of loads, most serious
distress and greatest need for maintenance. Iin predicting the
various layers moisture content, some information about the
location and the materials properties will be needed.
Historically, ADOT has kept design and construction files of what
materials were used to build the highway. Generally, this
information is expressed as the -200, PI, calculated R value or
soil support value for most miles of highway within the ADOT
system. In addition to this, the highway elevation (Figure 23),
average annual rainfall (Figure 24), climatic zone (Figure 25)
and freezing index (Figure 26) exist as possible additional
variables. From the elevation, rainfall and climatic =zone, a
regional factor value representative of the effect of climate on
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FIGURE 26

FREEZING INDEX
MAP OF ARIZONA
BASE YEARS 1931-1970
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highway performance is also calculated. Generally, the subgrade
location will occur within the two-foot (.6m) to four-foot (l.2m)
depth below the pavement surfacing. By using Table 6D for the
two-foot (.6m) and four-foot (.l2m) depths, it was possible to
accumulate the equilibrium moisture for wvirtually all the
subgrades as well as the various other factos, including tbe -
200, PI, elevation, average annual rainfall, regional factor,
scil support, and several other factors which would not normally
be known, including T-99 proctor optimum moisture, liquid limit,
plastic limit and sand equivalent. Table 14 gives the
correlation between the gquilibrium moisture and the above
variables, Many of the wvariables represent material index
properties that routinely would net be known. That 1is, T-=99
proctor maximum density and optimum moisture would not normally
be known for most soils in Arizona. The term regional factor
divided by soil support was created since this value would be

knoewn for virtually all miles of highways in Arizona.
Fortunately, this interaction wvalue, which combines several
tactors, including rainfall, elevation, climate =zone, PI, =200

and/or R value at 300 psi, gave the highest correlation to the
long-term equilibrium moisture. Such a value can serve as an
excellent predictor of subgrade soil moisture under Arizona
highways. Thus, the equilibrium moisture content can be
predicted using readily available file data.



TABLE 14

Y = Equilibrium Moisture =

X = Independent Variable

Dependent Variable

# OF

X FUNCTION OBSERVATIONS RZ A B
Regional Factor/
Soil Support Y=A+BX 31 .6471 6.83 14.40
T-99 Proctor
Max. Density Y=A+BX 26 L6434 52.97 -.35
T-99 Optimum
Moisture Y=A+BX 26 L6243 2.47 71
PI Y=A+BX 31 .5265 9.09 .35
Estimated %
Moisture @
Const. Y=A+BX 28 .5058 4,85 .89
R Value %
Moisture @
300 psi Y=A+BX 26 . 5044 35 .51
Sand Equivalent Y=A+B /¥ 18 .5043 3.03 30.54
Soil Support Y=A+BX 31 L4811 25.24 -2.05
Liquid Limit Y=A+BX 25 L4545 4,59 .29
-2 Micron-% Clay Y=A+BX 28 L4141 7