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CHAPTER I

INTRODUCTION

BACKGROUND

Asphalt Is an extremely Important cons truction material ,

especially wi th respect to flexible pavement for roads and air-

fields . In the Uni ted States about 32 million tons of asphalt

are used annuall y for the construction and resurfacing of

roadways [1].

Asphalt Is a very versatile material because it Is a strong

cement wi th excel lent wa terproofing and durability characteristi cs .

Asphal t Is a viscoelastic material which Imparts controllable

f lexibility to a paving material when contined wi th mineral

aggregates [3].

Asphalt has been utilized by man for more than 5000 years.

Archeolog ists discovered that It had been utilized as a water-

proofing material for temple paths and water tanks In ancient

Ind ia dur lig the period 3200 to 540 B.C. It was also used by

the anc-i t’nt !~~ptians In their mummification process [1, 3].

The first tiodern applicat ion of asphalt as a paving ma terial

was In France In 1802, where It was utilized for the surfacing of

floors, bridges and sidewalks. The first asphalt pavement was

laid in the Un i ted States during the 1870’s by Professor E. J.

De Sniedt In Meward, New Jersey [1]. The fi rst Street asphalt

pavement was laid In Washington , D.C. with Imported lake asphalt
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in 1876. In 1902 approxima tely 20,000 tons of asphalt were refined

from petroleum products in the United States. The use of petroleum

derived asphalt has Increased steadily -from approximately 3 million

tons in 1926 to more than 8 million tons in 1946 ; 24 million tons in

1974 to more than 32 million tons in 1977 [1).

Although asphalt is found In natura l deposits known as rock

4 asphalt , the vast majority of construction asphalt is a product of

crude petroleum. The crude petroleum is refined and separated into

various fractions such as gasoline , kerosene , diesel and lubricat-

ing oils. The residuals of this process are further processed into

various grades of asphalts .

Unfortunately, due to rapidly increasing petroleum prices, it

has become more profitable for oil companies to use the asphaltic

residue in blendi ng of heavy fuel oils rather than market the

asphalt per Se. This has caused a reduction in asphalt production

over the last few years . Consequently, with the asphalt shortages

and constant or even increasing demand , the price for asphalt has

been escalating rapidly [12].

Due to the aforementioned shortages and price increases of

asphalt, researchers, oi l companies and governmental agencies are

exploring the possible utilization of substitute binders and

asphalt extenders for pavement construction . These explorat ions

have produced new emerging technol ogies such as the recycl ing of

asphalt , asphalt rejuvenation , and asphalt extension through the
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use of wood lignins or sulfur [3]. This report will ’~valuate~the

sul fur—extended asphalt , and is based upon recently acquired data

from the Washington State University (wsii) test track. ~~~~~~~~~
-

As will be discussed , many laboratory studies have been

conducted by various research organizations to investigate the

effects of combining sul fur , asphalt and various aggregates. Addi—

tional ly, several full-scale highway projects have been built. The

laboratory analytical results have been promising and have shown

sul fur-extended asphalt (SEA) binders to be possibly superior to

conventiona l pavements . The results of the full— scale highway

projects are at this time incomplete and still somewhat inconclusive

[23].

In an attempt to fill this gap between laboratory data and the

full-scale highway projects, full—depth pavement structures for

repetitive wheel load testing were constructed at the WSU test

track. Further details on the construction of the test track -wil l

be given in Chapter IV.

A brief description of the state-of-the-art of the extension of

asphalt with sul fur is presented in the remainder of Chapter I. A

brief description of the Lufkin , Texas and the Boulde r City, Nevada

field trial s,will be~~resented i n Chapter II to give the reader a

better understanding of current field trials. ‘-.
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SULFUR-ASPHALT TECHNOLOGIES

Sulfur-asphe’lt binder is generally incorporated into paving

mixtures by two methods . The first method is a sulfur-asphal t

emuls ion whi ch i s a dispersion of li qu id sul fur into mol ten

asphalt cement. The sul fur—asphalt emulsion is then added to

preheated aggregates using one wet—mix cycle to produce the hot

mix used in construction of the pavement. The second method is

a two—step process utilizin g two wet—mix cycles. In the first

cycl e, mol ten asphal t is mixed with prehea ted aggregates , then

liquid sulfur is introduced to the hot mix and the second wet -mix

comp letes the process.

Tabl e 1.1 shows the various sulfur—as phalt technol ogies that

have been developed to date . It should be noted that wi th the

exception of the U.S. Bureau of Mi nes process , all processes are

patented.

Processes

Shel l Canada Limited (Sand—Asphalt-Sulfur )

Shel l Canada Limi ted has conducted a study -for using elemental

sul fur in asphaltic hot mi xes which permi ts greater fl exibility in

mix design and the possible utilization of poorly graded aggregates

and even uniformly graded sands [4 ,3]. It has been shown that the



- - - - - - - - •- --

~
- - - - - 

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

5

I 0 Q 0 0 0W I.- 0 0 0 0 0
C, C,

~/) a)$
C.D

4.’ 0 0 ~fl 0
~~~ 

.
~~~

V

I- 04.’ C.,
4.’ 0~ 0 0 0 0

~ 
r

~~ 4) ~~ 0 0 0 Lfl - •
0- r-. C., C.,
C

C -
~~~ a)

0 0 0 4.’
—~ ~~a) .p a) • — a  w a)

1fl 4-’ Ui 4.) V’ 4.)V I ~~
. a) I— a~ ~

— u ...

CI E u  E U  E U  0 4.’
~~ I.- ~~ C LU C LU C

0 0 0
i. 

~~ L) .
~~ 

(~) .
~~ ~~~

‘-4 
.-.S S..-U, U~ U~ U,

‘4-

o

0. 
~~~~ .~~ 

..~~ ~~ • C •~~I- < ~~~ za) .J  p.- ...J o U, 0 I ‘-..C • • U, U, U,
C, II ~ ~~.

~~ _ _ _ _ _ _ _ _ _ _ _ _  - - - - - - -  



__ - - 

~~~~~~~~~~~~~~~~~~~~

6

mixes made with these materials are equal or superior to conventional

asphaltic mi xes made with normally accepted aggregate gradation.

Shel l Canada has developed three different mixing sequences of

sand—asphalt- sul fur (SAS):

1. REGULAR PROCESS — Sand is premixed with asphalt , followed

by the addition of sul fur in a second wet—mixing cycle.

* 2. REVERSE PROCESS — Sand is premixed with sul fur, followed

by the addition of asphal t and then mixing of the three

components in a second wet-mixing cycle.

3. SIMULTANEOUS PROCESS — As the name implies , all three

components are mixed together simultaneously in a

singl e wet-mixing cycle.
-

• 
- All three mixing sequences were used in the preparation of

mixes to study the effects of the different sequences on the mix

properties. Standard Ottawa sand was used because of its trans-

l ucence. The mixes were made using 4 and 6 per cent 150/200 pene-

tration grade asphalt combined with 14 per cent sulfur , by weight.

All three components were brought to 300°F prior to combination.

Each wet—mixing time was 30 seconds for the Regular and Reverse

sequences, but 60 seconds for the sing le cycle of the Simul taneous

sequence. Microscop ic examination of thin sections of the samples

indi cated no major differences between the dispersion achieved in

the three different cycles.

Further laboratory testing by Shel l Canada wi th one sized

medium coarse (50 per cent between No. 8 and No. 100 sieves) sand,

. 
~~~~~~~~~~~ ---~~ 

• •  

- - -- ~~~~~~~ ~~~~— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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150/200 penetration grade asphalt and varying amounts of sul fur

was conducted . High and low workability mixes cast in Marshall

mol ds were subjected to various one face compactive efforts. It

was discovered that the amount of compactive effort had little

impact on the densities of the hi ghly workable mixes, but the

stiffer sand-asphalt mixes benefited from compaction [4].

The mixing sequence (Regular , Revers e or Simul taneous) did not

greatly impact upon bulk density , Marshall stability and flow of

medium-coarse sand mixes .

Figure 1.1 shows the results of the Marshall stability tests.

The Regular process sequence consistently yielded higher Marshall

stability than the Simultaneous or Reverse processes. Additionally,

the Regular process yielded the hi ghest tensi le strength , bul k den-

sity, and flexural strength . Table 1.2 show s the differences in

stiffness and fati gue life of the Regular and Simul taneous processes .

The Reverse process showed consistently lower Marshall stabi l ity and

tensile flexural st rength properties than the other two processes.

The general conclus ions of this study follow:

1. Medium and coarse sands are the best aggrega tes to be

used with SAS.
S

2. The mixes can be placed wi thout rolling and compactive

effort.

3. The mixes were shown to have construction properties

comparable to or superior to conventional mixes.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.~• •~ -~~~——-
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Table 1.2

STIFFNESS AND FATIGUE LIFE
OF REGULAR AND SIMUL TANEOUS MIXES

[3,5)

Regular Mix Simultaneous Mix

Bulk Density, g/cc 1.971 1.961

Stiffness Modulus , N/rn2 5.7 x 10~ 4.8 x 10~

Fatigue Life , cycles 7.23 x 1O~ 6.05 x 10~

Mix composition : 82% medium-coarse sand
6% asphalt (150/200 pen)
12% su l fu r

:
2 

Test Condi tions : Temperature at 10°C
Frequency 60 Hz
Unit Strain 1.5 x 10~~
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4. The Regular mixing proces s yielded the bes t resul ts

when compared to the Reverse and the Simultaneous

processes.

t 5. The use of sulfur in asphalt mixes could permit desi gn ¶
for a predetermined stability level by variance of the

per cent of sulfu r added .

6. Sand-asphal t-sulfur (SAS) mixes can be produced using

conventional hot mix plants equipped with li quid sul-

fur storage tanks fitted with a recirculating system.

Such a system is illustrated in Figure 1.2.

7. SAS mi xes are promising for areas with hot climates

because it is less susceptible to softening at

higher temperatures than conventional mixes .

Limitations of this study were that it was mainly laboratory

oriented (though later fiel d trials were conducted), weather and

envi ronmental considerations were not taken into account, and no

attempt was made at predicting the optimum sul fur contents or

ratios .

The Gul f Oil Canada Limi ted Sul fur - Asphalt System

Gulf Oil Canada has developed and field-tested a procedure for

the introduction of sulfur into conventional asphaltic mixes . In

this system the total amount of binder is approximately the same as
-
~ j it woul d be in a conventional mix. The advantage , however , Is that

the sulfur acts as a partial repl acement agent for asphalt.

*
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Liquid sulfur is dispersed into liquid asphalt to produce a

sul fur - asphalt binder. This process has the advantage that the

mixes can be handled wi th conventional mixing and paving equipment

while eliminating the hazards of dangerous buildup of high concen—

tratlons of hydrogen sulfide in storage and transfer tanks . Up to

50 per cent replacement (by wei ght) of asphalt by liquid sulfur was

dispersed in the sulfur-asphalt (S/A) binder.

Prel iminary laboratory tests indicated the coagulation and

settlement of sulfur particl es after approximately three hours ,

though some pl asticizers have improved the stability of the S/A

binder [6]. The physical properties of several different S/A

binders is shown in Table 1.3. The viscosity cha racteristics of

85/ 100 grade asphalt is compared wi th the viscosity of a 50 per cent

by wei ght S/A binder in Figure 1.3. A viscosity range of 200-600 cs

was found to produce the best S/A binder with respect to aggregate coat-

ing, mix spreading, workability and compaction .

Marshall stability tests conducted by Gulf Oil Canada Limited

indicated that S/A mixes are superior to conventional aspha lt—

concrete mixes . The following conclusions were drawn relative to

stability:

1. S/A stabilities are higher than those for conven tional

asphalt mi xes.

2. Stability increased wi th an increase of sulfur content. 
- 

-

3. No ~iqnif1cant loss in flow or properties at 140°F was

noted.
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Figure 1.3. RELATIONSHIpS BETWEEN TENSILE STRENGTH AND
SULFUR CONTENT [8]
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4. Poorly graded and low quality aggregates can be

effecti vely stabilized wi th S/A binder.

5. Stability of S/A mixes was not affected after water

soaking .

6. Var ious types of as phal t can be uti l i zed with su l fur

to produce good S/A binder.

As a result of these preliminary laboratory resul ts , Austin

Research Engineers of Texas was retained by Gulf Oil Canada Limited

to carry out engineering evaluation and experimental design. The

goals established for Austin Research were (1) whether or not S/A

mixtures exhibit better engineering characteristics than conventional U

mi xtures , and (2) the nature of the effects produced by various S/A

mixture and testing variables .

The basic tests utilized in this engineering evaluation were

static and repeated—load indirect tensile tests to obtain an esti-

mate of tensile strength, resilient modulus and fatigue life . The

major variables evaluated were penetration, temperature susceptibil-

ity , binder content , sulfur - asphalt ratios , tensile stress and test

temperature .

Tensile strengths of S/A mixes were found to be higher than those

of conventiona l asphalt mixtures. Tensile strength values were

very dependent upon sul fur—asphalt ratio, consistency or penetra-

tion value of the asphalt cement , and test temperature (see Figures

1.3 and 1.4) . As illustrated by Figure 1.5, tensile strength was

only sli ghtly dependent upon binder content.

_ _ _ _
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The following conclusions can be drawn upon exami nation of

-: Figures 1.3 and 1.4:

1. As the asphalt cement (AC ) penetration ratio increases ,

tensile strength Increases.

2. As the S/A ratio increases over 20 per cent and up to
- 50 per cent, tensile strength increases .

3. As temperature decreases , strength increases .

4. The effect of adding 50 per cent sulfur to 85/ 100

penetration asphalt is the same as decreasing pene-

tration to 40/50.

The resilient modulusJsttffness of S/A mi xes was generally

hi gher than that of conventional asphalt mi xtures. The stiffness

was dependent upon the S/A ratios, penetration value of the as phalt

cement and the test temperature (see Figures 1.6 and 1.7). Just as

with tensile strength , res ilient modulus was only slig htly dependent

upon binder content (see Figure 1.8). Consistent with tensile

strength, little variati on in stiffness was noted up to 20 per cent

sulfur , but signifi cant changes in stiffness were noted up to 50

per cent sulfur.

Fatigue life was most dependent upon S/A ratios , penetration of

asphalt cement and test temperature. As was the case with tensile

strength and resilient modul us , binder content had little effe ct

upon fatigue life .

The following concl usions were reached with respect to fati gue

life :

_ _ -~~~ - _ -- _ - _ _ _ _ _ _ _ - - -- - _ - _ - - .- ~~‘—.- 
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Figure 1.7. RELATIONSHIPS BETWEEN RESILIENT MODULUS OF
ELASTICITY AND TEMPERATURE FOR SULFUR-ASPHALT
MIXTURES [8]
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1. The optimum binder content for maximum fatigue life is

higher than the optimum for maximum strength .

2. As the S/A ratio Increases over 20 per cent and up to . I

50 per cent , fatigue life increases .

3. Fatigue life increases wi th a decrease in AC penetration.

4. Fati gue life inc reases wi th a decrease in temperature.

The Gulf Oil Canada Limited sulfur asphalt system concludes

that S/A binders have slightly superior engineering properties than

conventional asphalt binders , but the real advantage is in the

economic savings realized from the partial replacement of as phal t.

The researc h done for Gul f by Aus tin Research Engineers of Texas

Indicated that the most significant improvement of S/A mixtures

over conventional mi xtures was observed with the addition of 50 per

cent sul fu r.

The Societe National Elf-Aquitaine (SNEA) Sul fur Asphalt System

In the SNEA process liquid sulfur is di spersed in mol ten

asphal t to produce sul fur-asphalt binder. The advantages of this

technique are (1) that up to 30 per cent of the asphalt by weight

can be replaced by sul fur , wh i le the absol ute binder content i s hel d

constant; (2) there is an energy savings in the preparation and com-

paction of the S/A mi xture ; and (3) because of improved engineering

properties of the mixture due to the sul fur utilization , ooore r

quality aggregates or thinner pavements can be utilized while still

maintaining the same performance characteri stics as a conventional

asphal tic concrete pavement .
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This process is patented and many aspects of the system are
not readily available. Liquid sulfur is dispersed into mol ten J

asphalt at 240°F (120°C) resulting in very fi ne sulfur particles

(less than 5 k ) .  An undiscl osed special stabilizing agent is intro-

duced into the binder 10 hours after the dispersion of liquid

sul fur.

The results of the SNEA study are as follows :

1. S/A mixtures prepared by the SNEA method can be uti l i zed

in pavements for maintenance and new cons truction.

2. When us i ng s imi lar agg regates,up to 30 per cent of

as phalt can be replaced by su lfur.

3. S/ A m ix tures can be produced and paved us ing conven tional

equi pment with only minor modifications.

4. S/A mixture s are prepared at lower temperature (30°C

lower) than conventional mixtures with resul tant

energy savings .

5. The use of S/A binders allows utilization of low quality

aggregates which would not normal ly be acceptable for

conventional asphalt concrete .

6. S/A mixtures permi t thinner pavement for a given set of

environmental and load conditions.

The Pronk Sul fur- Asphalt Sys tem

This proces s was developed by Frank E. Pronk wi th the support

of the Sul fur Devel opment Institute of Canada (SIJDIC). Work began

in 1973. The process is ver’ s imi lar to the Gu lf Oi l Cana da Limi ted

_ _ _ _  ~~-- - - - - —~~~- - -- .~~~~~~~~~~~ -- , -~~~~~ -.—— 
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p~ocess , with the exception that Pronk adds a small amount

(a pproxIma tel y .001 per cent) of organosiloxane polymers as a

s tabilizer. The S/A ratio of a typical mixtu re is 30-40 per cent

by we ight, with a mixing temperature of 130—150°C. Though the

mixture can be prepared by di rect conbination of the ingredients

in the plant pugmill , SUDIC recomends that the sul fur asphal t

and stabilizing agent be emulsified by use of an in-line mixing

blender prior to thei r coming in contact with the aggreciate.

Pronk illustrated the stabilizing effect of this particular

polymer ic organos i l oxane with two iden tical emuls ions of su l fur
and asphalt prepared at 137°C , the only difference between the two

emulsions being the addition of the stabilizing agent to one. The

samples were stored at 130°C and gently agitated with a propellor—

type stirrer [ii]. The emulsions were sampled periodically over a

72-hour peri od and the specific gravity at the top was compared

to the specifi c gravity at the bottom of each sample. The results are

shown in Table 1.5. Table 1.4 gives specifi c gravities for given

S/A ratios [9, 10] with uniform dispersion of sulfur and asphalt.

The particular cl ass of polymeric organosiloxanes favored by

Prank has previously been used in conventional asphalt ic hot mi xes

primarily to eliminate foaming in the presence of moisture and to

alleviate tearing problems encountered when placing certain types of

hot mixes [9, 10]. The tearing problem was attributed to the pres-

ence of moisture and/or air bubbles at the mix surface [5 ], The 
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siloxane Improves the placønent characteristics through two possible

effect s , suppression of bubble formation and screed l ubr ica tion.

There is some ev idence that the stabilizing agent tends to

reduce the amount of hydrogen sulfide emitted duri ng production.

Table 1.6 shows typical air emission data for a Pronk sulfur

asphalt trial . - -

The U.S. Bureau of Mines Sulfur—As phalt System

The U.S. Bureau of Mines study of utilization of elemental

sulfur in as phal tic mixtures was or iented toward developmen t of a

simpl ified procedure for preparing and utilizing the sulfur-asphalt

binder. In an effort to utilize sulfur as an extender for asphalt,

the U.S. Bureau of Mines ’ scientists , headed by McBee an d

Sul l ivan , directed their studies toward the direct combina-
tion of sulfur and asphalt within the mixer wi thout premixing them

as required in the Gul f, Pronk and SNEA processes.

McBee and Sull ivan , in their extensive studies of the French

and Canadians ’ sulfur-asphalt emu l s ions , were unab le to discern any
• appreciable differences between the emulsified and the non-emulsifi ed

SEA binders . Based upon their laboratory data and the fact that

• sulfur is hi ghly soluble (20 per cent or more) in most grades of

asphalt at the commonly acceptable mixing temperature of 248° F

(120°C) to 302°F (150°C) and the high shear energy developed in

mixing the bi nder and aggregates, McBee and Sullivan concluded that

hot-mix plant pugmills could be used as the principal mixing 
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f

Tabl el5

TYPICAL AIR EMISSION DATA FOR A PF~.INK SULFUR ASPHALT TRIAL [11)

Plant Paving Site

A B

Particulate sul fur, .7 .3 .2
mg/m3 1.5 .7

9.6
3.0
.4

H2S , pg/m3* 455 925 75

2125 10 530

30 610 135

10 650 610
3*SO2, ~g/m 430 200 60

170 260 370
115 230 170

115 340 170
115

6’

*Note : data are not corrected for temperature and pressure .

L

L
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mechanism for sulfur and asphalt.

A test program to determine the effecti veness of substi tuting

sulfur for asphal t in pavement mixes and the results of these tests

were compared to those of conventional pav i ng mixtures.

Field testing was done first with small patch tests and then

by constructing a full scale road test on a section of U.S. Hi ghway

93 near Boulder City , Nevada . The results of the labora tory and

pos t-construction data of the field tests show that sulfur asphalt

mixes prepared by the direct addition procedure were equivalent to

conventional asphalt concrete in all respects of performance and

superior with respect to ease and amount of required compaction.

Laboratory Analysis:

Two types of aggregate were utilized in McBee and Sullivan ’s

laboratory anal ysis (limestone and volcanic). Marshall desi gn

properties were the primary evaluation tools, bu t a temperature

sensitivity study and fatigue testing were also performed. Fi ve dif-

ferent percentiles of asphaltic replacement by sulfur (15, 25, 35 ,

50, and 75 per cent) were exami ned .

Materials:

The sulfur used was a commercial grade (99.9 per cent pure).

The aggregates as previously mentioned were crushed limestone and

volcan i c rock, each further blended with 25 per cent ~.ay weight con-

struction sand and 15 per cent by wei ght desert sand to meet Type 2

State of Nevada gradation specificati ons (see Figure 1.9).
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Results of Laboratory Ana lysis:

Laboratory tests based upon Marshall properties indicated that

the optimum asphalt binder contents were 5.7 and 7.0 per cent by

wei ght for the limestone and vol canic aggregates, respectively.

Table 1.7 shows the properties of the different aforementioned

sul fur -asphalt ratios. This table shows increasing stability and

increasing dynamic stiffness with increasing percentage of sulfur in

the binder. Figure 1.10 shows the viscosity versus temperature and

indicates a reduction of viscosity wi th the addition of sul fur up to

35 per cent by volume . This l owering of viscosity increases the

efficiency of mixing and the placement of the mi xtures. The

researchers concluded that the decrease in viscosity further sub-

stantiates their conclus ion that the sulfur and asphal t could be

added directly to the aggregate wi thout premixing.

Scanni ng electronic microscopi c analysis of the mixes showed

that the sulfur and asphalt consti tuents of the binders were uni-

formly distributed. Microscopic analysis further showed that no

large concentrations of sul fur occurred between aggregate particl es

and the binder. This indicated that the sul fur was ei ther initially

dissolved or evenly dispersed in the binder and remained so during

and after crystallization of the sulfur.

Fatigue analysis was conducted by the Texas Transportation

Institute , Texas A & M University , utilizing both aggregate types.

Third point flexural fatigue tests were conducted at five constant

stress amplitudes . The results are shown in Figures 1.11 and 1.12.
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Examination of these curves shows that the fati gue life of these

beams Is a function of the sulfur content. Conventional asphalt

mixes showed a fatigue life of one million cycles at 10-20 psi

constant stress, while the sulfur asphalt mixes showed the same

fatigue life but required a 30—40 psi constant stress. These

resul ts indicate that the performance characteristics of conven-

tional asphalt concrete can be improved with the addition of sulfur ,

which will result in more durabl e pavements and even possibly

thinner pavement requirements for a given expected l oading.

Conclusions :

The Bureau of Mines concl uded that there are no advantages to

be gained by the premixing of sulfur and asphalt; in fact, it is

probably more energy cost—effective not to do so. The Bureau of

Mines laboratory results indicate that the material properties

resulting from direct addition are compatible with those resulting

from the Gul f, Pronk and SNEA procedures.
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CHAPTER II

CURRENT U.S. FIELD TESTS

Introduction

As can be imagined, vast amounts of labo ratory data have been

generated by various research organizations . The laboratory work

has indicated that sul fur asphalt concretes perform as well as or

better than conventional pavements E7 , 12, 13, 15, 16, 17, 18, 19].

In conjunction with this labo ratory research, numerous field tests

have been conducted in Canada , Europe, the Middle East and the United

States . Tabl e 2.1 is a s ummary of the known field trial s to date.

- 

. 
The two field trials that are the most applicable to the

University of Washington ’s (UW) study of repetitive wheel load test-

ing at the Washington State University ’s (WSU) test track are the

two-lane test section on U.S. 69 in Angelina County, Texas (hereafter

referred to as the LUFKIN TEST) and the test section constructed by

the Nevada Highway Department at the junction of U.S. Highways 93

and 95 near Boulder City , Nevada (hereafter referred to as the

BOULDER CITY TEST) .

Lufkin Fiel d Trial

Layout

F This project was constructed during September, J975, through the

efforts of the State Department of Highways and Public Transporta-

tion, the Federal Highway Administration , SNEA , the U.S. Bureau of

Mines, Texas Gul f, Inc. and Moore Brothers Construction Company [20). 
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This 1113—meter test section was divided into ten subsections

which were composed of various conventiona l and experimenta l SEA

mixtures (see Figure 2.1, a schematic of the test sections). There

were two depths of base course utilized. The 7-inch (178 mm) bases

were designed to accommodate traffic in accordance wi th state highway

specifications . The 5—inch (127 mm) bases were intentionally under-

designed to induce early fail ure.

Materials

The sulfur—asphalt mixtures were prepared with a 30/70 sulfur-

asphalt emulsion prepared from industrial sulfur and Texaco AC-20

asphalt. The binder contents of the SEA mixtures vari ed between 5.3

and 7.1 per cent by wei ght.

The conventiona l sections also consisted of mixes prepared

with Texaco AC-20. The binder content for the conventiona l sec-

tions varied between 4.5 and 6.0 per cent by weight .

The aggregate used in both conventional and SEA mixes was a

blend of pea gravel and Lufkin area dune sand. The gradation of

• these aggregates is given in Figure 2.2 [20].

Equipment and Methods

The fiel d test section was located approximately 15 miles from

the hot mix plant. The sulfur-asphalt emulsions were prepared in a

collo id mill furnished by SNEA and is illustrated in Figure 2.3 [201.
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Figure 2.3. COLLO ID MILL FURNISH ED Bi SNPA
FOR PREPARATION OF SULFUR-
ASPHALT EMULSIONS [20]

A schematic of the SEA production operation is shown in Figure 2.4

[20].

A 2—Inch (9 cm) “Hot-Sand” working platform consisting of a SAS

mixture was placed over a 6-inch (15.2 cm) lime-stabilized subgrade

prior to paving wi th the various SEA and conventional mi xes [19, 20].

The aggregate for the working platform was dune sand obtained from

a Seal Pit in the Lufkln area (see Figure 2.2 for gradation). The

working platform was laid without compaction other than that proviied

by the screed from the Barber-Green Series 100 paver. This paver was

used for paving both the working platform and the other test section

layers . 
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The actual test sections were compacted with a Hyster C-615A

vibratory steel roller. The roller was used in the vibratory mode

to achieve initial compaction and in the nonvibratory mode for final

compaction .
a

Quali ty Control and Initial Testing

Initial test data indica ted that S/A mixtures have Hveem - 
-

4

stabilities 35 to 45 per cen t hig her than conven tional asphalt

mi xes. The testing also indicated that the stability of pure

asphalt mi xtures decreased with increasing binder content and that

the S/ A mixtures ’ stabilities remained essentially constant wi th

increasing binder content. This characteristic was applicable to

both the SAS working platform and the base courses [19].

Data Anal ys is

F ield cores were a primary means of data collection . During

the Lufk in test, cores were taken initi al l y after cons truc tion) 12

months after construction (6 months after opening to traffic) and at

6-month intervals thereafter unti l the 36th month after construction .

The f inal se t of core s was obta ined 48 months af ter cons truc tion. The
las t data for the l ast core s are not available at this writing .

The Texas Transportation Institute at College Station ) Texas

tested these cores -‘or various physical properties. These tests

Include maximum specific gravity , bulk specific gravity , Ma rshal l

stab i l ity and flow , Hveem stability , resilient modulus at 69°F (20°C),

and Ind irect tensile strength at 68°F (20°C). For a discussion of  

- 

~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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these tes ts ) the reader is directed to refe rence nunter 19,

Chapter IV.

It was noted that the bul k dens i ty genera l ly i ncreases wi th
age. The assumed reason for this change is that the road traffic

prov ided add iti onal compac tion after the p l aceme nt of the mater ial
[19].

As the pavement ages the per cent of air voids decreases. This

was to be expected because the bulk density of all of the mixtures

was increasing with time. The 4 .8 per cent SEA mixture shows a con-

sistently higher percentage of air voids than the other two mix-

ture s , 6 to 11 per cent. The 4,8 per cent AC mi xture has a range

of 5 to 10 per cent air voids . A range of 4 to 9 per cent air voids

was noted for the SEA mixture [19).

Figure 2 .5 shows that Hveem stabilities for all of the SEA and

conventional mixtures increase wi th time and tend to level off at

about 28 to 30 per cent. This was attributed to the sti ffening of

the binder and a reduction in air voi ds .

It appears that with time, the 4.8 per cent SEA mixture

maintained a slightly l ower Hveem stability level than the other two

mi xtures , 4.8 per cent ~C and 5.65 per cent SEA . Summarizing Fi g-

ure 2.5 , we can say that :

1. The 4.8 per cent SEA l evels off at approximately 27

per cen t Increas e in Hveem stability .

2. The 4.8 per cent AC mixture has ranged between 21 to

32 per cent.

1.
- 
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3. The 5.65 per cent SEA mixture had a range Of 18 to

31 per cent [19].

These values are about 10 per cent l owe r than the laboratory

predicted resul ts for SEA mi xtures . The l abora tory results had

shown that for equivalent volumes of conventional and 30/70 SEA

mixture s , the SEA mixtures woul d have a higher Hveem stability [211.

The 4.8 per cent by weight AC mi xture and the 5.65 per cent by

weight SEA mixture are of equal binder by vol ume. The difference

in binder content by wei ght is due to the different specific

gravity of sulfur in comparison to asphalt. After 36 months the

4.8 per cent AC and the 5.65 per cent SEA mixtures had approxi-

mately equivalent Hveem stabilities.

Figure 2.6 shows that the Marshall stability of the SEA and

conventional mixes increases wi th the age of the pavi ng material

even though it is apparent that there is a hi gh degree of data

scatter. This increase of Marshall stability with age is indicated

by:

1. The 4.8 per cent AC mi xture levels out at

1190 lbs. ( 5360 N).

2. Even though the 4.8 per cent SEA mixture experi-

ences the most severe scattering, when compared

to the other two materials ,it still has the lowest

stability values . The last four test periods have

an average Marshall stability of 850 lbs . ( 3830 N).
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3. The 5.65 per cent SEA material shows a general

tendency to increase with age . . The last four test

periods have an average Marshall stability of

1080 lbs .
V

The Marshall flow of the conventional and S/A mixtures

decreased as the materials sti ffened wi th age . The flow values for

al l materials leveled off at around 14 (3.6 m).

The splitting tensile strengths of all three mixtures i ncreas ed
wi th pavement age . As in the Marshal l  s tab i l i ty test , the 4.8 per
cent SEA mixture seems to have the lowest strength of the three

materials. A comparison of the three materials in relation to

spl i tting tensile strength follows :

1. The 4.8 per cent SEA mixture appeare d to have lowes t
spl itting tensile strength , which was 30 psi (200 k Pa)

initial ly and increased to 140 psi (1000 kPa ) after

36 months.

2. The 5.65 per cent SEA mi xture had the next hi gher

splitting tensile strength, nearl y equal to that of
the 4 .8 per cent AC mixture , wi th a value of 30 psi

(200 K Pa) ini tial ly and increasing to 170 psi (1170

k Pa) afte r 36 months.

3. The 4.8 per cent AC mixture had the highest splitting

tensile strength . Initially the splitting tensile

strength was 50 psi (350 k Pa) increasing to 180 psi

(1240 k Pa).

_ _ _ _  —~~~~~~ 
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Newcoithe attributes the increase in splitting tensile strength

to two factors . As with the Marshal l stability , the increase in

splitting tensile strength refl ects a stiffening of the pavement
- 

- 
material with time due to hardeni ng of the binder and the added

compaction due to traffic [19).

The resilient modulus of the three mi xes increased wi th time,

as illustrated by Figure 2.7. Newconbe questioned the validity of

the 12—month data poi nt for the 4.8 per cen t SEA mixture , but had

no explanation for it. There is no one mixture that showed a con-

sistently hi gher resilient modulus than the other two. It must be

noted that the resilient moduli were only examined at one tempera-

ture, 68°F.

Boulder City Field Test

Laiout

This project was compl eted in Janua ry 1977 through the efforts

of the Nevada Hi ghway Department , the U.S . Bureau of Mi nes , the

Federal Highway Administration, the Sulfur Institute and Frehner

Construction Company . Previous trials with sulfur-extended asphal t

had used high shear mixing equi pment to preblend the sulfur and

asphalt prior to mixing with the aggregates. This trial demonstrated

a sim pl ified SEA technology developed by the U.S. Bureau of Mines ,

wherein the sul fur and asphalt are added directly to the aggregate

while in the pugmill.
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Sulfur replaced about 30 per cent of the asphalt in the contro l

sections. Approximately 1,000 tons (900 x 1O3 kg) of SEA paving

mixture were prepared and used as base course , surface course and

as full depth paving material for a total of 1,600 feet (488 meters ) A

of 28—foot (8.5 meter) wide pavement. The trial is located at the

junction of U.S. Highway 93 and 95 between engineering stations

RI 0+00 and RI 21 + 00 on the W to E right traffic lanes.

The field trial was desi gned to test three different combina-

tions of S/A and conventional mixes as illustrated in Figures 2.8

and 2.9. An open—graded funct ion course was placed over the test

and control sections to assist in skid resistance .

Mater i als

The con tro l sec tion and as pha l t concre te sec tions were

constructe d wi th 6.3 per cent binder by weight. The SEA mixtures ,

on the other hand , consisted of 6.8 per cent by weight binder (1.8

per cent sulfur and 5.0 per cent asphalt for a S/A ratio of 26/74).

The sul fur was more than 99.83 per cen t pure by weight. The asphalt

was AR-4000 (approximately equivalent to AC-20). AC-20 was also

used in the Lufkin field test.

The aggregate gradation used in both the SEA and conventional

mixes is shown in Figure 2.10 [22].

Equipment and Method

The constructi on was accomplished wi th conventional mixing , haul-
- 

t ing and paving equipment , and wi th no equ i pment prob l ems or nee d for

_ 
_

_ -
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SECTION A SECTION B 
4

$ECTION C £

OPEN GRADE !~
t !
’ OPEN ~~ADE I’ OP€~~ GRADE

5 
1’ t 

‘I1OP LtY~~ ? 
“SA ? “SA ~ Ac

BoT~To~ LAYER 
~~~~

“ •
~~~

“ 
~~~
“ “SE’ 

.
.
~

k” “SA”

TYPE I TYPE I TYPE
4” CLASS B 4” CLASS B 4” CLASS B

j~.SGnZGAT E CASE ~~ AG6REGAT E BASE jAGGREGATE BASE

cO~ACTED COL~PACTED I COMPACTED
EARTH EARTH EARTH

SU5~3RADE SU3GRADE SUB6RADE

SECTIO N D
,1~(coNTROL SECTiON)

LAYER NUMBER OPEN GRA DE

2 — T O P  LAYER ~~ N “AC”

I — &OTTO~ LAYER “AC” D— I—  e

TYPE I
4~ CLASS I

j.ACSr~EMTE DASE

C

Ex: D-I-a reads section D, sam p le I , bot tom layer
(b is top layer).

Figure 2.8. PROFILE OF SULFUR-ASPHALT (SA) CONCRETE AND
ASPHALT CONCRETE (AC ) TEST SECTIONS AND
SPECIMEN ‘IDENTIFICATIONS [3]
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modification. Figure 2.11 [22] illustrates the S/A system

instituted at the mixing plant.

— Air Quality

Monitoring of H2S and SO2 was carried on throughout the

constructi on and is sumarized bel ow :

Location H2S ( ppm) SO2 (ppm )

Asphalt plant pugmill <0.5 0

Asphalt paver (driver level ) 0.0 - 0.2 0

Behind the paver (just above 0 0 — 0 5 0
— 

fres h ly paved sur face)

Paver hopper (as material 1 — 20 0was dumped)

These are well wi thin acceptable limi ts when compared with Table 2.2

The on ly potentially dangerous concentrati on noted was a momentarily

high concentration in the paving hopper as the material was dumped [3].

In Situ Testing

The approach to in situ testing was to measure the surface

deflec tion of the four test sections described in Figures 2.8 and

2.9. From these defl ections , an estimate was made of the elastic

moduli of each l ayer. Elastic layer theory was then applied to

estimate the stresses and strains in the pavements . The deflections

experienced are depicted in Figures 2.12 and 2.13. These deflec-

tions were measured wi th the Dynaflect. 
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Table 2 . 2 .  TOXICITY OF HYDROGEN SULFIDE GAS [43]

H2S Concentration Environmenta l Impact -

.02 ppm Odor Threshold Value

5-10 ppm Suggested MAC*

2 O p prn MAC
70-150 ppm Slight symptoms after exposure of severa l

hours - .

170-300 ppm Maximum concentration that can be Inhaled
for one hour without serious consequences

400-700 ppm Dangerous after continuous exposure of
30 mm - 1 hr

600 ppm Fatal with exposure greater than 30 m m .

*Maxjmum allowable concentration
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a

DISTANCE FROM CENTER OF LOAD (inches)

12 24 36 48

~~ O.54 ~/
“ A 

-

V

5-9-1978

1.0 1 I

Figure 2.13. DEFLECTION BASINS FROM ThE AVERAGE
OBSERVATIONS FOR THE VARIOUS TEST ITEMS
OF U.S. 93-95. BOULDER CITY , NEVADA
(SLOW LANE 0-W-P ) [3] 
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Laboratory Testi ng of Cored Samples

Coring was accomplished on 13 June 1978 wi th a total of 12

cores being taken, three from each section. The cores were shipped

to the Univers ity of Washington where testing was performed on them.
a

Marshall flow and stability tests were run and Table 2.3

shows the results and variations experienced with each test. As

can be seen from these tables, S/A concrete Marshall stabilities

are hi gher than their AC counterparts. In each test the top layer

had hi gher Marshal l stabilities than the bottom l ayer. This could

be the resul t of two factors —- the addi tional compaction from traf-

fic and the more rapi d aging of the upper layer due to hi gher tem-

peratures and possible exposure to the air.

The res ilient modulus as wel l as Poisson ’s ratio were evalua ted

with respect to temperature. Testing was conducted at three tempera-

tures, 5°C, 25°C and 40°C, utilizing the Schmidt apparatus . Figure

2.14 illustrates graphical ly the average MR ’s determined for each

section . Each data point is the mean of six repl i cate tests. It

can be conclude d that the MR ’S for the S/A mixtures were hi gher than

that for AC.

At the time of the test the pavements had been in use for more

than 18 months and the resilient properties of the different sections

showe d that in terms of MR , Sections B and C are superior to Sec— - 

-
‘

tions A and D.

Poisson ’ s ratio was also determined during this testing

sequence. Poisson ’s ratios were determi ned on all samp les at 
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Table 2.3. VARIATIO NS IN ~~RSHAL L STABILITIES , TEST
RESULTS AT 60°C WITHIN EACH LAYER FOR

- 
. VARIOUS TEST ITEMS OF U.S. 93-95, BOULDER

CITY , NEVA DA, SECTIONS A, B, C, AND D [3]

MarshallMeasure 
_ _ _ _ _ _ _ _  ___________S 

Mix Type of 
- Stability F l owDispers ion ( lbs.) (0.01 in.)

“AC ” Mean 1385 14.3

J Section A Std. 0ev. 222 1.3

(Bottom Layer) C.V . ,  % 16.0 9.0
“SA” Mean 2708 13.8

Section A Std. 0ev. 255 2 .3
(Top Layer) C.V. % 9.0 16.0

“SA” Mean 1793 16.7

Section B Std. 0ev. 505 
— 

3.4

(Bottom Layer) C .V . ,  % 
— 

28.0 20.0

Mean 2158 15.8

Section B Std. 0ev. 211 0.6
(Top Lay~r~ C .V . ,  % 10.0 4.0 —

“SA” Mean 2113 16.2
Section C Std. Dev. 150 0.6

(Bottom Layer) C .V . ,  % 7.0 4.0
“AC” Mean 2461 18.5

Section C Std. 0ev. 196 1.5
(Top Laye~j C.V. ,  % 8.0 8.0

“AC ” Mean 1452 13.2
Section 0 Std. Dev. 323 1.8

(Top Layer) C .V. ,  % 22.0 14.0
“AC ” Mean 1217 15.5

Section D Std. 0ev. 245 1.8
J!ottom Layer) C .V. ,  % 20.0 11.0
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3.0 — 1
0 Section A , SA over AC
0 Section B, SA over SA

25 - ~A Section C, AC over SA 
-- V Section D, AC over AC

S:i~~~~~~~~~~~~~

g 
1

- 

-

5 0 I I I
0 10 20 30 40 50 - ‘ —

TEMPERATURE °C

Figure 2.14. RELATIONSHIP BENEEr-1 THE AVERAGE RESILIENT MODULUS
AND TEMPERATURE FOR EACH SECTION OF U.S. 93—95,
BOULDER CITY , NEVADA [ 3]
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- each of the three temperatures . There was very little variation
in Poisson ’s ratio and its range was between .31 and .33 [3].
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CHAPTER I I I

MIX DESIGN AND RESILIENT MODULUS EVALUATION

OF SULFUR-EXTENDED ASPHALT PAVEMENTS

a

Background

As has been previously mentioned , a number of laboratory-

analytical studies have been conducted to investigate the effect of

combining sulfu r, as phal t an d var ious aggre gates i n pav ing mi xtures .

Several full—scale experimental highway projects have been built as

di scussed in Chapter I I .

The resul ts of labora tory wor k have i ndi ca ted that SEA binders

are equi valent to or perhaps even superior to conventional pavements .

The final results of the full-scale highway projects are still in

progress and are somewhat inconclusive .

The University of Washington is performing a study sponsored by

the Washington State Department of Transportation to plan , cons truc t,

monitor and evaluate a sul fur—extended asphalt project. This pro-

& ject, through the utilization of repetitive wheel load testing at

the Washington State University test track , is intended to bridge

the gap between laboratory-analytical studies and the full-scale

hi ghway projects. Further details on the test track and its con-

struction will be presented in Chapter IV .

In addition to the test track sections , a 1287 meter (4223 foot) seg-

ment ofSR2 7O , l ocated near Pullma n , Washington , was overlaid wi th
the same material s as utilized at the test track. Figure 3.1 shows

~ 
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a plan and typical cross-sectional view of SR 270 as finally —

constructed. An evaluation of SR 270 is beyond the scope of this

= report and will be covered in subsequent reports [23].

This project affords a unique opportunity to concurrently

construct both the test track and the experimental highway from the

sa me materials and wi th the same central batch plant. Later compari-

sons of the behavior of the materials on the test track and those on

the actual hi ghway shoul d be very informative.

Prior to cons truc tion of the tes t track and h ighway sections,

extensive testing of the characteristics of the materials and a mix

design to find the optimum binder content of the different mixes - ‘
were undertaken at the University of Washington. The remainder of

this chapter will be devoted to the results of these tests, the mix

des ign resul ts , and the determinination of resilient modulus.

Materials Characteristics

The aggre gate, a crushed col umnar basalt , was obta ined from a

quarry adjacent to the WSU test track in Pullma n, Washington. The

specific gravity is 2.74 and the absorption is 2.29%. The test for

specifi c gravity and absorption were conducted i n accordance with

AST MC 12 7 [24]. The quarry is owned by United Paving .
- - - The asphal t cement was also provided by United Paving. The

asphalt , an AR- 4000, was produced by Husky Oil Company and was

tes ted in accordance wi th ASTM D7 0 [25] for its specific gravity,

which was found to be 1.024. The sul fur was an 80-mesh ground
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sul fur from the Montana Sul fur and Chemical Company, Billings ,

Montana . The sulfur was not tested for puri ty due to attested

puri ty claimed by the producer and available literature statements

a that small variances of impuri ty have littl e impact on SEA mix-

tures [3].

Sampl e Preparation

A total of 90 samples were prepared (45 samples for a Marshall

mix design and 45 sam p les for a Hveem mix des ign) .  These 90 samp les

were further subdivided into 6 sets of 15 sampl es1 sets A through F.

Sets A, B and C were prepared by the Mars hal l method and D , E and F

were prepared by the Hveem method. Sets A a ‘
~ 0 had a S/ A ratio of

0/ 100, B and E had a S/A ratio of 50/50 , and C and !~ had a S/A ratio

of 30/70 .

Each mix design method had triplicate samples made at the

following binder contents : 4.5 , 5.0 , 5.5 , 6.0 , and 6.5 per cent by

weight of the mix. However , since sul fur and asphalt do not have

* the same specifi c gravity (asphal t is approximately half that of

sulfur) , appropriate adjustments were made to the sulfur/asphalt

binder contents to equate them at equal volumes when preparing them

for comparison to conventional asphalt binders . Table 3.1 illus—

trates the relative density of S/A binders .

The per cent of binder by wei ght in the samples had to be

adjusted to have equivalent amounts of binder by vol ume. They were

adjusted as illustrated in Table 3.2.
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Table 3.1

RELATIVE DENSITY OF VARIOUS S/A BINDERS [7,11]

Pene trati on As phal t 100 90 80 70 60 55 50 40 0

% Elemental Sulfur 0 10 20 30 40 45 50 60 100

~~i ~~ ~~ C’J r-.. 
~~D 1 4- -i fl~ 

- + ~~ U) U) (‘4 (‘4 U) .~~ (~) U)
~e a  ye nsi~y ~at l6°C (61°F)

— .-~ —4 .- . — .-.l . 1

Tabl e 3.2

EQUIVALENT BINDER CONTENT -FOR 30/70 AND 50/50
S/A BINDERS COMPARED TO CONVENTIONAL 0/ 100*

S/A Rati o Per Cent by Weight

0/100 4.5 5.0 5.5 6.0 6.5

30/70 5.3 5.9 6.5 7.1 7.7

50/50 6.1 6.7 7.4 8.1 8.8

*Hencefo rth , actua l b inder content by weight wi l l  be presen ted
Inside parentheses ( ) and the equivalent 0/100 will be presented as
well; e.g.. for S/A ratio 30/70, 4.5% (5.3%).

- -- -- ‘ -~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~~~~~~~~~~ -



—- - - ~~ - -r-~~ -

- - ~~~~~~~~~ 
- - -~~~~- 

-

- 71

Table 3.3

AGGREGATE GRADATION WSDOT CLASS 8 (26)

• Sieve Size S Passing Specification
Retained Cumulati ve Limi ts

5/8 0 100 100
o 1/2 7 93 90-100

3/8 16 77 75-90

1/4 19 58 55-75

No. 10 24 34 32-48

No. 40 18 16 11—24

No. 80 6 10 6-15

No . 200 5 5 3-7

- 200 5 0 0

The aggregate gradation used was in accordance with Washington

State Department of Transportation Class B specifications (see

Table 3.3).

FIgure 3.2 Illustrates the gradation used in this study compared

to the gradatIon specification limi ts prescribed by Class B gradation 
- -

-

requirements of WSDOT. It should be noted that the gradation utilized

tends to be on the coarse side of the Cl ass B specifi cation . This

was intentionally done because previous studies done at the University

of Washington i ndicated that unusual ly low ai~ void contents resulted
from mixtures wi th a gra dation In the middle of the band (27 ,28).
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r

For the Marshall mix design method , the samples were prepare d
in accordance with ASTM D 1559 [29]with modifi cations made by Pronk

[30]. These modifications are as fol lows :

— t -~ blen ding of sulfur and asphalt wi th a dri nk mixer

at med i um spee d

- the addition of .001% siloxane polymer in the form of

Dow Corning 200 to facilitate the dispersion of the

sulfur and imp rove the stability of the emulsion

For the Hveem mi x des ign method , the samples were prepared

ident i ca l l y to those of the Marshal l method exce pt that compac tion
was accomplished wi th a pneumatic kneading device rather than the

drop hamer employed with the Marshall method . Figure 3.3 shows the

preparation sequence of the 90 samples (i.e., bo th Hveem and Marshal l
sampl es).

Sample  Tes tin~g

Sets A , B and C (45 samples ) were then tes ted for res i l ient
= modulus , bul k specifi c gravity , Marshal l s tability and flow , and

maximum specifi c gravity . Sets D, E and F were tested for resilient

modulus , bulk specific gravity , Hveem stability , indirect tensile

strength , and maximum specific gravity (see Figures 3.4 and 3.5).

The testi ng was done in accordanc e with established testi ng

procedures as indi cated:
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[ SiEVE THE AGGREGATE

BATCH THE AGGREGATE
= TO MEET THE GRADATION

REQUIREMENTS OF FIG. 3.2
(1200 GRA MS)

DRY THE AGGREGATE @ 140°C HEAT SULFUR~~~ HEAT ASPH.
FOR 24 HOURS 140°C TO 140°C

- J 
— _ _ _ _ _ _ _ _ _ _  I I

DETERMINE THE I PROPORTION THE SULFUR AND
DRY AGGREGATE I ASPHALT AND MIX iN THE

I 
LBLENDER FOR 3 MINUTES

PROPORTION AGGREGATE , BINDER ANDI
ADDITIVE

MANUALLY MIX THE MIXTURE FOR 3—5 MINUTES I
AT 140°C ]

PLACE THE MIXTURE IN OVEN AT 121 °C FOR 1 HOUR I

COMPACT SAMPLE WITH MARSHALL HAMMER WITH 75 BLOW S/FACE
-OR-

COMPACT SAMPLE WITH KNEADING COMPACTOR WITH 150 BLOW S
AT 350 PSI AND APPLY A LEVELING LOAD AT 1265 POINTS

COOL SAMPLE IN MOLD i

EXTRUDE SAMPLE

Figure 3.3. HVEEM AND MARSHALL SAMPLE PREPARATION
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RESILIENT MODULUS J
BULK SPECIFIC GRAVITY

—

S I
-

- MARSHALL STABILITY AND FLOW

H, I
MAXIMUM SPECIFIC GRAVITY]

Figure 3.4. MARSHALL SAMPLE TESTING SEQUENCE

[RESILIENT MODULUS

-I

- 

[
BULK SPECIFIC GRAVITY - —

HVEEM STABILITY

- INDI RE CT TENSILE - -~

- MAXIMUM SPECIFIC GRAVITY

FIgure 3.5. HVEEM SAMPLE TESTING SEQUENCE 
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~~~~~~~~~~~~~~~~~~~~~~~~~~ - - - - - -



r 
—- - . . ‘ - - - - ---- - - -

76

MARSHALL SAMPLES (Sets A , B , C)

Tes t — Procedure Reference

Resilient Modul us - Proposed ASTM “Indirect Tens i le Test
Method for Res i l ient Modul us of
Bi tum inous Mi xtures ” [26]

Bulk Specific Gravity — WSDO T Test Method 704 [31]

M a r s h a l l  S t a b i l i ty  & F l o w  - ASTM Test Des ignat ion 01559 [29]
* Maximum Specifi c Gravity - WSDOT Test Method 705 [32]

HVEE M SA~1PLES (Sets D, E, F)

Test - Procedure Reference

Res i l ien t Modu lus — Same as for Samples A, B, C

Bulk Specifi c Gravity - Same as for Samp les A , B, C

Hveem Stability - WSDO T Test Method 703 [33]

Indirect Tensile Strength - ASTM Designati on C46 [34]

Maximum Specifi c Gravi ty — Same as for Samp les A , B, C

Further detai ls on each test procedure are ava i lab le i n

Re fe rence 26 including a copy of the proposed ASTM Standard for

Resilient Modulus Testing (Appendix A of Reference 26).

Resul ts of the Mars hall  Mi x Des ign

The resul ts of the Marshal l testing should be compared to the -~~~~

standar d Marshal l cr iter ia shown i n Tab le 3.4. The opti mum binde r

content is determined by graphing the results and comparing them to

Table 3.4. Consideration is given in particular to the graphic

-~~~~ -5 
--

~~~~~~~~~~~
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Table 3.4

MARSHALL DESIGN CRITERIA [35]

Traf fic category Heavy
Nu,~ er of compaction blows 75each end of specimen

I

Minimum Maximum
Stability, lb. 750
Flow , .01—in. 8 16
Per cent air voids :

surface course 3 5
base course 3 8

Per cent voids in 14mineral aggregate

resul ts of maximum Marshall stability , maximum unit wei ght , and the

median of the limi ts gi ven in Tabl e 3.4 for air voids . The optimum

is then the numerical average of these three binder contents.

The tabular and graphic results of Marshall mix design testing

conducted on sample sets A , B and C are shown in Tables 3 .5 -3 . 7 and

~Figures 3.6 - 3.8.

_ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~
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Determi ned Optimum Binder Contents

100/0 S/A Ratio

Data Type Valu e B i nder Con tent
Stability 4061 lb. 5.0
Unit wei ght 155.4 pcf 5 .0
Air voids 4 .0% 5.0

Average (optimum) binder content: 5.0

50/50 S/A Ratio

Data T~p~ Value Binder Content
Stability 11,243 lb. 4.5 (6.1)

Un i t we ight 156.0 pcf 5.0 (6.7)

Air voids 4 4%* 6.0 (8.1)

Average (optimum) binder content: 5.2 (7.0)

30/70 S/A Ratio

Data T
~P!~ Va l ue B inder Con tent

Stability 5410 lb. 5.0 (5.9)

Unit weigh t 155.4 pcf 5.5 (6.5)

Air voids 4 7%* 6.5 (7.7)

Average (optimum) binder content: 5.7 (6.7)

*The median value of 4.0% air voids was never reached for the
30/70 and 50/50 mixes ; 4.4% and 4.7% are the lowest val ues
attained.
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Di scuss ion of the Mars hall Mi x Des ig ns

The data curves for stability and unit weight were quite conclu-

s ive , but the air void curves were not. There was a problem of high air

voids in the SEA sampl es. Hi gh air voids are frequently associated

with high permeability . Hi gh permeability may lead to premature

hardening of the binder by permitting the circulation of air and

water through the pavement. This coul d possibly have been corrected

by the addition of mineral filler to more closely approximate the

gradation of a maximum density grading curve [26,35].

Furthermore , i t was fel t tha t the com pac ticn tempera ture may

have been a problem. The molds were kept hot (approximately 200°F)

between samp les , but were exposed to room temperature during corn-

paction . It is possible that thehardening of the sulfu r during corn—

paction affected the void content and also the structure and the

stability [261 .

The maximum unit weight results are very similar. The maximum

va l ue is reache d at 5. 0%, 5.0% and 5.5% for the 0/100, 50/50 and

70/30 binder ratios respectively. This is not surprising , al though

a w ider range might have been ex pected due to the higher spec if ic

gravity of the sulfu r in the SEA sampl es £26]. It appears that the

hi gher specific gravity may have been offset by the air voids

present.

The maximum stability values cover a large range. The maximum

value Is reached at 5.0%, 4.5% and 5.0% for the 0/100, 50/50 and

30/70 binder ratios respectively. The stability of the 100/0 and
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70/30 samples are quite similar through all of the binder contents

tested [26]. The stability of the 50/50 mix was much hi gher , approx-

imately twice that of the 0/100 or 30/70 mixes . This is in line wi th

previous tes tin g con duc ted by Gul f Oi l , Pronk and the U.S. Bureau of
I

Mines as discussed in Chapter I.

Results of the Hveem Mix Design

Based upon the resul ts of the Marshall mix des i gn invest igation ,

it was decided by the princi pals of this invest igation that it would

be of value to test the Hveem samples at 4.0% binder content and

drop the investi gation of the 6.5% samples . Th i s chang e was made in

an attempt to investi gate the stability , unit weight and per cen t a i r

voids of the mixtures bel ow 4.5%, which graphically were quite flat,

particularly for the 50/50 S/A mixture in the Marshall mix design

(see FIgure 3.8), below approximately 5.0% binder content.

This design metho d i s based upon the fri ction and cohes ion of

the paving material . The friction is evaluated by the Hveem stabilo-

meter , which measures the horizontal pressure as vertical pressure

is applied (see Figure 3.9). The cohesion is tested by means of a

cohes iometer , wh i ch measures the force requi red to pull the tes t

sample apart. Because the cohesive test is destructive ,it was not

performed, but the stabilonieter eval uation was.

The determina tion of optimum binder con tent is accom pl i shed by

comparing resul ts of the Hveem testing with standard criteria. The

cr iteri a are :
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- max imum value of stab ilometer value in excess of 35

— a minimum 4% a ir vo ids

The binder content is determined graphically, then compared to

the above criteria.

The tabular and grc~phic resul ts of the Hveem tes ting con ducted

on samp le sets D, E and F are shown in Tables 3.8 — 3.10 and Figures

3.10 - 3.12.

Determined Optimum Binder Content

0.100 S/A Ratio

Data Type Value Binder Content

Air voids Approx . 4.0 4.6

Stability 47.1 4.5

Optimum 4.6

30/70 S/A Ratio

Data Type Value Binder Content

- - 
Air voids Approx . 4.0 4.4 (5.2)

Stability 50.4 4.5 (5.3)

Optimum 4.4 (5.2)

—,- - -
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50/50 S/A Ratio

Data Type Va l ue Binder Content

Air voids Approx. 4.0 5.1 (6.9)

Stability 61.1 5.0 (6.7)

OptImum (5.1 — 0.3) 5.1 (6.9)

Discussion of the Hveem Mix Designs

The Hveem indicated optimum binder contents are approximately

0.5% lower than the Marshal l recomme nded binder contents. Thi s is

probably due to the automated compaction method and the heated mold

i n the Ilveem compact ion dev ice. W ith the heated mold,no sulfur
bridging is allowed to build up where the sample is in contact with

the mold.

Exami nati on of Figures 3.13 and 3.14 shows marked correlation

In shape and magnitude of the Hveem stability for 0/100 and 30/70

S/A binder ratios . This concurs wi th other research noted in

Chapter I.

The optimum asphalt binder content recommended to WSDOT was 5.5%

of equivalent binder content. This was based upon close scrutiny of

all laboratory work (including a mix design work done by SUDIC for

thi s project) and the knowledge that the optimum binder content for

field conditions are often hi gher than obtained in the laboratory.

Subsequent to the recomendation.,lt was learned that historically,

the optimum binder content for this aggregate blend is between 5.5%

and 6.0% [26). 
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Res ili ent Modulus

The res ilient modulus (MR) 
-is a dynamic test response defined

as the ratio of the repeated axial deviator stress to the recover-

able axial strain. The test may be conducted on all types of

material ranging from cohesive to stabilized materials [36).

In this study , the MR was tested on eac h sample for seven

consecutIve days (see Figures 3.4 and 3.5). Each sample was loaded

on two diametra l axes and the average deformation was used to calcu-

late MR with the fol l ow ing formula:

M = P(~ + 0.2734)
R t~h

where
MR = res ilient modul us

P = ver tica l pressure

Ii = Poisson ’s rat io

t = thickness , i nches
= deformat ion cal cula ted from the

ampl itude of graph from a strip
chart recorder

The temperature of the sampl es duri ng this testing was 25°C

(77°F). Upon completion of the seven days testing,the samples were

tested at 5°C (41°F) and 40°C (104°F) to determine M~ as a function

of temperature. 
- -

Poisson ’s ratio was also determined for each sample (Poisson ’s

ratio = lateral strain to vertical strain). Due to large variations 
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in the determined values, the method used in determining them were

suspect, particularl y the measurement of vertical deflection that

had to be measured wi th a non—recording dial guage. The Poisson ’s

ratio that was used in the determi nation of M ‘s was 0.3. This is
• R

a comparable Poisson ’s ratio to that determined in the Boulder City

- 
- 

Fiel d Trials [3] and by Schmidt [37] and by Galloway and Saylak [38].

Schmidt recommends a value of 0.35 for Poisson ’s ratio. This was

based on experiments which sh~ ’.ied tha t Poisson ’s ratio varies from

U 0.2 to 0.5 for asphaltic materials. Therefore, a value of 0.35

woul d result in an error of not more than 25%. Galloway and Saylak

suggest a value of 0.3 for sulfur—as phal t materials.

The results of the MR values at 25°C (77°F) have been graphically

contoured in Figures 3.15 and 3.16. Figure 3.15 depicts lines of

constant MR with respect to sample age and binder content for the

Marshall samples (sam ples A, B and C). Figure 3.16 depicts the same

informa tion for Hveem sampl es (sam ples D, E and F). A cross-sectional

depiction of MR vs. age at the recommended des ign binder content i s

depi cted in Figure 3.17. The MR response of the samp les at the

recommended desi gn binder content as a function of temperature is

illustrated for the Marshall samples in Figure 3.18 and for the

Hveem sampl es in Figure 3.19.

Pavement Th ickness

To design the appropriate thicknesses for the different test

track sections, one key factor had to be kept in mind. Previous

-
~~
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pavement studies that had been run at the WSU test track had

indicated that there was a tendency for the spring thaw to drama-

tically promote the failure of the test track. It was,therefore,

thought advantageous by all concerned to have failure in all sec-

tions prior to freezing of the subgrade. This date was set as

1 December 1979 .

a 
It was calculated that 1.5 million load repetitions could be

applied to the track by 1 December 1979. Thi s was based on ~.n

average expected loading rate of 500,000 repetitions per month and

expected full months of operation from 1 August through 1 December

1979.

With thi s in mind, a computer analysis utilizing Shell Oil’ s

computer program [42], entitled Bitumen Structures Analysis in Roads

(BISAR) , was developed whereby various thicknesses of each of the

mixes were analyzed. The essential items developed from the BISAR

analysis were the predicted initial maximum horizontal and vertical

strains in the pavement for thicknesses varying from a 2-inch base

course to a 6-inch base course at 5°, 25° and 40°C for each thick—

ness and S/A ratio. The results of this analysis are graphically

illustrated in Figures 3.20 and 3.21.

The essential items of i nput for the BISAR program are as

follows [42]:
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Element Required Used in Analysis

1. Number of layers 3 (surface course, base course
and subgrade)

2. Young ’s Modul us (MR) of Appropriate MR for each temperature
each layer as developed in laboratory for Hveem

sampl es and a MR of 18,000 for the
5 ubgrade

3. Poisson ’s ra tio of eac h Assumed to be 0.30
layer

S
4. Thickness of all but 1.8 inches for surface course and

base layer from 2 to 6 inches in 1-inch
increments

5. Loads 2 each 5,300—lb. normal loads

6. Load Position Above loads separated by 13 inches

A subgrade M~ of 18,000 psi was based upon an expected moisture

content of approximately 16—17%. During actual construction and

duri ng track operations thi s was found to be much too low . The
MR of the subgrade shoul d have been closer to 4 ,000, which corre-

sponds to a water content of approximately 21%.

Utilizing the maximum horizonta l strains developed by BISAR

and Kingham and Kallas ’s equation [44) for estimating the number

of load repetitions to failure , Figure 3.22 was developed. Utiliz-

ing this figure , given a spec i fic number of load applica tions , an

expected operating temperature and a S/A ratio of 0/100, 30/70 or

50/ 50, the thickness of the base course required can be found.

Upon entering Figure 3.22 wi th 1.5 x 106 load repetitions at

25°C, a 5½— inch 5A 30/70 or 0/100 pavement would fail by 1 December, 
- 

—

1979.

- - ~ - -—~~~~~~~
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The thicknesses finally selected were 5 and 2.5 inches, re-

spectively , for the thick and thin sections ’ base courses. This

decision was based on two lines of reasoning. First, it had been

decided for simplicity ’s sake that the th ick sections would be

twice the thickness of the thin sections. Secondly, it was felt

that perhaps 1.5 million repetitions was overly optimistic. By

reducing the thickness an extra 1/2 inch , failure could be insured

before the 1 December deadl ine. 
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CHAPTER IV

CONSTRUCTION AND INSTRUMENTATION
OF THE WSU TEST TRACK

WSU Tes t Track Equ ipment
- - 

- 
The equipment at the test track consists of a 15-ton structural

steel frame (Figures 4.1—4.3) and a water tank revolving over an

85.54-ft. diameter ring . This applies what was previously thought to be

a 1O ,600 lb. load toeach of three sets of dual wheels. Actual weights

taken by the Washington Sta te Department of Transportation with a

lodometer i ndi cated the fol l owi ng l oads are actuall y be i ng appl ied:

Arm and Tire Assembly #1: 11,400 lbs.
#2: 11,650 lbs.
#3: 10,350 lbs .

Average Arm and Ti re Assemb ly: 11,133 lbs .

All instrumentation was constructed to be activa ted by

Assembly #1. This was done because wheel and Arm A5sembly #1 is

closest to the avera ge wei ght (actually, approximately 2% above the

average weight).

A feature of the test track tha t was not u ti l i zed dur i ng th is

test is the capability of adding water to the water tank. By doing

so the loa d on each set of duals can be broug ht to over 20,000 lbs.

To keep the wheels from conti nuously moving in the same wheel
I

path, the cen ter of rota tion of the structure is des i gned so that

various wheel path widths can be applied to the pavement structure.

In this study the wheel path was set at 4 ft. from outside of wheel

path to inside of wheel path . This yielded a loading distribution as

illustrated in Figure 4.4. A 4—ft. wheel path closely approximates
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that exper ienced on actual h ighways.

The loading frame is guided by a 6½—in , diame ter verti ca l steel

shaft. This shaft rotates in a self-ali gning bearing mounted in a

power—driven revolving frame. The frame is designed to operate in

ei ther a cloc kwi se or coun terclockw i se d i rection at speeds of from

15 to 45 mph. The frame is powered by a 440-vol t three—phase alter-

nating current 200—horsepower General Electric Kinamatic Speed Van-

ator which supplies 220—volt di rect current to each of three 60-

horsepower motors geared di rectly to the wheels. Power is su pp l ied

only to the inside wheel of each dual.

During this testing the frame rotated in a clockwise direction at

a normal operating speed of less than 30 mph . Speed was reduced even

further when the track began to deteriorate in order to reduce exces-

sive dynam ic loa ding due to bounc i ng of the tires .

Prepara tion of the Track Pr ior to Placement of the Test Sections

The previous test track had utilized reinforced concrete

secti ons pl aced on approximately 6 inches of crus hed ba salt base

course. In order to insure a uniform platform for the sulfur-

extended asphalt sections and to simplify the analysis of the test

section failures without taking into account the effects of an

overly supportive base , it was decided by the principals of the

project to build the test sections directly on the naturally occur-

ring Palouse Silt subgrade .

To insure complete removal of the crushed basalt base course,

all  mater ial to a depth of approx imately 12 inches below the previous

-: - - - - ~ —~~~-~ - ~~~~~~~~~~ - - -  - - ~~~~~~~~~~~~~~~~~~~~~~
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test track was removed. Once all material was removed down to the

Palouse subgrade, uncontami nated Palouse Silt was placed in two

l ifts and brought to grade to support 12 test sections designed as

illustrated in Figures 4.5 and 4.6.

C Moisture contents were taken of the imported subgrade. The

in iti al moisture con ten ts were sampled as emp laced . The moisture

content of the subgrade is presented in Figure 4.7. An average of

all samples taken indicates an average moisture content for the sub—

grade as initially placed of 20 .2% . It was fel t that this moisture

content was too hi gh to afford adeqtiate compaction of the subgrade

and that the moisture content shoul d be reduced .

After scarifi cation of the subgrade an d allow i ng the subg rade

to dry for approximately a ful l day , an avera ge mo isture con ten t of

• 17.5% was attained. At this moisture content the subgrade appeare d

to compact readily than it had when it was wetter. When

it was wetter,there was excess ive deforma tion of the sub gra de after

every pass of the smooth wheel 10-ton Gallion roller. Sampl es indi-

cated, however , that this lowering of moisture content was effective

to a depth of 6 to 12 inches . At depths l ower than that, the mois-

ture content remained at approximately 21%.

Once the new su bgrade was emplaced and cut to conform with

Figure 4.5,densiti es of the subgrade were taken wi th a Troxler

Nuclear Rela tive Compac tion Tes ti ng Dev ice. The final ach ieved

subgrade densities are given in Table 4.1. 
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Various moisture contents of the subgrade taken after the

track was in -full operation indi cated that the moisture content in

the subgrade had stabilized between 20 - 21%. This was due to the

migration of water from the wetter subgrade below that imported and

due to water infiltration from the pavement , particularly after

some cracking had occurred in the asphalt pavement .

Test Track Instrumentation

The pr ima ry instrumentation installed at the test track were

Bison Soil Strain Gauges (Model 4101A) . The strain gauges use the

pr i nc ip le of i nductance cou pl ing between a comb ina tion of two “free

floating ” coils embedded in the pavement and/or underlying soils.

One stra i n gau ge co il is connec ted to an osc i l la tor to produce the

electromagnetic field in the soil/pavement surrounding the buried

coil. An electrical current is devel oped in the mating coil. This

el ectrical current has a magnitude that is a function of the spac—

ing between the two coils. See Appendix B for coi l calibration.

Follow ing the preparation of the subgrade at the test track ,

4-in, diameter holes were drilled to a depth not to exceed 16 feet

at the center of each of the 12 subsections . Extensometers, as

illustrated in Figure 4.8, were installed in each of these 12 holes.

- 
- The base pla te of eac h extensometer was grou ted into p lace. The

extensometers were placed so that the thick sections would have

approxImately 8 inches of subgrade between the uppermost coil and

upper surface of the subgrade . The thin sections had approximately

-I -
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4 inches of subrade placed over the topmost co i l on the extensometer.

The upper coi l on the extensometer for the thick sections were 4-in.

coils. The upper coil on the extensometer in the thin sections were

2-in, coils.

The remaining coils were emplaced as illustrated in Figures 4.9-

4.11. With this configurati on of coils , vertical strain in the pave-

men t an d upper subgrade cou ld be measured , as well as hor i zon tal ,

lonqitudinal and transverse strains. The two 1-in , coils in the
- t extensometer measured tota l displacement of coil C. The purpose of

having 2-in, coils in the thin sections and 4-in, coils in the thick

sections was to have the coils operating at their peak efficiency .

If the 4-in, coils had been emplaced in the thin sections , there

wou1a~ have been erroneous strain readings because the coils would

have been too close together and vice versa for the 2-in, coils in

the thick sections.

In addition to the strain and deflection measurements , con-

tinuous temperature readings were taken. Measurements were taken

of the air , pavement and subgrade temperatures. Table 4.2 indicates

the locations of the thermocouples installed at the WSU test track.

— This will be extremely important for later data analysis for several

reasons , the first being the dependence of resilient modulus of the

pavemen t upon tempera ture , an d secondl y, if the sub grade became

frozen , it would have much greater supportive capability than prior

to freezing. Third , it would be interes ting to no te if there was

any failure of the pavement associated with thawing of the subgrade. - - 
-
~
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Table 4.2. LOCATION OF THERMOCOUPLES
AT WSU TEST TRACK

Test Descr i ption of Location
Sect ion

IT 
___________ _________________________________________

1 5 15 inches into the subgrade
2 6 exposed to the a i r
3 6 ½ inch below pavement surface
4 6 between asphalt and subgrade
5 9 exposed to the air
6 9 2 inches into the subgrade
7 9 15 inches into the subg rade
8 10 4½ inches into the subgrade

Test Sections, Background

The test sections as planned would have had four sections of

SEA:0/100 (two thick and two thin), four sections of SEA :3O/70 (two

thick and two thin) and four sections of SEA :50/50 (two thick and

two thin) as illustrated in Figure 4.12. But due to an unforseen

quality control problem duri ng construction , the actual construction

produced four sections of SEA:O/100 (two thick and two thin) four

sections of SEA:30/7O (two thick and two thin) and four sections of

SEA:40/60 (two thick and two thin). The test sections with the SEA :

40/60 were also laid down with a lean binder content. The binder

content that was put down was 6.6% (ad,justed for specific gravity)

which was the correct binder content if the SEA ratio had

been 30/70, but with the actual attained SEA ratio of 40/60
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the optimum binder content should have been 7.1%. Therefore, the

test sections with the 40/60 SEA mix were approximately ~% below
optimum binder content.

The reason for the production problems were quite complicated

and will be discussed in detail under quality control . Once it was

discovered that SEA: 40/60 (lean) had been pl aced on the SR 270 as

well as the test sec tions , it was decided that for comparative pur-

poses the planned SEA :50/50 sections shoul d be replaced by SEA :30/70

sections . This is illustrated in Figure 4.12 as well.

Test Trac k Thi cknesses

The test track sections were designed to have thin sections 2~
inches thick and thick sections 5 inches thick. All sec tions were

to have a 1.8-in, leveling course overlay of SEA :30/70. The actual

achieved thicknesses are illustrated in Figure 4.13. ‘tccording to

core measurements , most sections tend to be thinner than anticipated.

The leve li ng course was intentionally var ied to make the surface of

the track as level as possible. In order to compute the base course

thickness for a given section , the reader should subtract the level ing

course thicknes s given at the top of Figure 4.13 from the average

pavement thicknesses given around the inner circumference of the
-ø

test track in Figure 4.13.

Test Track Placement Temperatures

During placement of the test sections , special care was taken

to measure temperatures of the mi xes as del ivered, as laid down and
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rolled at temperatures below that reconinended by other researchers

[45]. Figure 4.14 indi cates a workable lower l imi t of approximately

250°F, al though generally accepted limits are between 225° to 300°F
(124° to 149°C).[451. Further analysis of the test track data should

• recognize this possibility . Table 4.3 illustrates the temperatures

as taken at the test track by WSDOT.

• Test Track Densities

As the test track was being la id and compac ted, densities were

being taken of each lift between passes of the 10-ton smooth wheel

Gallion roller. Figure 4.15 illus trates the compaction ~iersus the

density achieved for the three different binders laid ~t the test

track. This density was compared to Rice Density of 160 PCF devel-

oped by Sharkey in his labora tory work using this same aggregate

binder.

It is interesting to note that 30/70 SEA density peaks out at

approx imately 4 passes and the 40/60 SEA peaks out at 6 or 7 passes.

This is an appa rent savings of time and equipment for the mixes con-

tam ing sul fur when compared to the conventional mix whi ch required

10 passes before it reached its maximum density . This bears further

4 research.

It shoul d be noted also that in the case of the 0/100 and 30/70
- 

- 

mixes , the test track was over-compacted. As with the possibility of

cool placement temperatures, this lower-than-optimum density of the

test sections should be kept in mind during further analysis of the j
test track data .
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As discussed by Sharkey [26], when the SEA samples were over- 
—

compacted when allowed to cool below 200°F there appeared to be a

fracturing of the sul fur bridges as they formed in the Marshall

sample. On a much larger scale this may be what is happening when

excess compaction is applied to an actual SEA pavement. The future

conmercial appl ication of sul fur—extended asphalts may realize a

savings of time and equipment because of the reduced amount of corn-

paction necessary, but will have a quality contro l problem to insure

that compaction is not carr ied beyond a certain number of passes nor

below a certain temperature of the laid mix.

Quality Control

The most important aspects of quality control at the test track

were insuri ng that a mix with the optimum binder content be produced

and placed and that the mix be of the specifi ed sulfur-asphalt pro-

portion. The primary means of controlling the binder content of a

given mix was by means of quick extractions performed by the Wash ing-

tion State Department of Transportation (WSDOT) at the batch plan.

There were no problems in this area . 
=

The most critical area was that of controlling the per cent of

sulfur in a given mix. The primary method of control was by call-

bration of the Pronk sul fur pump. The Pronk sulfur pump is an in-

line pump wh ich , when properly calibrated , produces a given flow of

sul fur for a given pump RPM. To back up the pump, a graphic compari-

son of SEA bi nder composition versus specific gravity of the binder

was available. The graph used was similar to Figure 4.16, but had
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been developed at room temperature only. The samples were taken at

approximately 260°F.

The sul fur pump was calibra ted by SUDIC at the United Paving

asphalt plant. It unfortunately pumped sulfur in excess of its call -

brated output once it was hooked up.

The initial SEA mix tha t was to be produced was tha t for the

- 
30/70 sectIons. The pump was producing approximately a 40/60 S/A

-~ t

ratlc. however. When the pump was checked against the graphic back-
— 

up, both the pump miscalibration and the graph had erred in the same

d i rection and both indicated that a 30/70 S/A ratio was beino pro-

duced .

The problem wa s not detected until it was discovered that more

sulf ur was being used than anticipa ted . Reworking of the specific

grav ity versus binder composition curve to reflect the actual tern—

perature of the samples solved the problem and the remaining SEA

- 
- 

m i xes were pro duce d accurately.

The result of this error was, a s had already been discussed )

that no 50/50 S/A mix was produced and tha t It was replaced by a

- 

1 
40/60 S/A mix. Because the S/A mix was thought to have a sulfur

content of 30%, the optimum binder content was 6.6% (5.7% for con-

- 
-~ ventiona l binder adjusted by specific gravity for 30/70 S/A). The

- 
ac tua l S/A content of 40/60 S/A required a binder content of 7.1% to

be at the optimum binder content. Therefore -. the actua l mix laid

down on SR 270 and the test track was 0.5% too lean.
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CHAPTER V

FATIGUE CHARA CTERISTICS AND COMPARISON
OF MEASURED TO ThEORETICAL PAVEMENT RESPONSES

3 Initial strains were computed manually from the instrumentation

t ‘ at the test track. This data was taken by use of a stri p chart

which recorded the increase or decrease in voltage between any two

given sets of coils dependent upon whetl- �r the coils in that set were

moved closer together , or further apart. These computed strains are

shown in Tabl e 5.1. Fi gure 4.11 is reproduced as Figure 5.1 for con-

venience in interpreting Table 5.1.

The s tri p chart readings were not taken with the duals of arm

and wheel .Assemb ly #1 positioned so as to produce maximum deflection

over the coils. They were positioned with the center of rotation at

the following eccentricities :

STRAIN ECCE NTRICITY

1 313°
2 310°
3 307°
4 300°
5 300°

The distances from the innermost edge of the wheel path to the

vertica l axis of coils A , B, C, F and G were measured to be as

fo l lows : -
~~~
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DIRECTION OF TRAVEL

-
~~~~~~ + B -

I I -

PAVEMEI’lT 1 I
P ~ E
I —~~

___ - 

A~~~~~~~’~~~~” -  ~~~~~~~
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— ——— ———~~ I
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-

SUBGRADE
- 

C ~~~~~~~~

H 
- 

_ _ _ _

Note — Coils A and KEY
F are the only
excited coils. COIL OUTPUT

PAIR

— 
1 Vertical Strain

in Pavesnent
G — ~ 2 Vertical Strain

in Upper Su~g.
3 Longitudinal

Strain
4 Transverse

- Strain
L 5 Total Settlement

i nS ystem
‘ FIgure 5.1. BISON STRAIN GAUGE LAYOUT -
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Table 5.2. COIL DISTANCE FROM INNERMOST EDGE OF WHEEL PATH TO
COILS AND ANGULAR LOCATION OF EAC H COIL SET

Section 2 3 4 5 6 7 8 9 10 11 12

Distance (inches) 21.5 24.5 23.0 29.0 14.0 15.5 34.0 -28.0 28.5 22.0 233.5 27.0

Angular location 1~ .1 46.0 7 5 3  105.7 133.6 163.4 196.4 223.9 254.4 286.6 316.1 346.3

I

The computed distances between the coil’ s central axis and

— 
central point of the wheel loads were as illustra ted in Table 5.3

when the str ip char t readi ngs wer e com pl eted . The loads in Section 4

were further from the coils than in any other section.

Fatigue

Extensive work has been accomplished in various laboratories

which have resulted in tensile stress or strain relationshi ps as a

function of the nunber of loads to failure for asphalt concrete

mater ia l s. It is diff i cul t to obta in a true consensus amon g engi neers

as to how well these laboratory—deri ved relationshi ps duplicate actual

in-service asphal t concrete pavements. Many research engineers

bel ieve that l aboratory-derived fatigue relationships underestimate

fatigue life by more than an order of magnitude [48].

In an attempt to avoid some of the p i t f a l l s  associated with

— 
~

- labora tory fa tigue rela tionsh ip s , three fatigue relationships were ob-

tam ed from available literature . These were developed directly from

AASHO Road Test deta or laboratory results based on f ield sawed
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— specimens obtained from the Washington State University test track

duri ng studies reported by Kingham and Kallas in 1972. All three

rel ations hip s are shown i n Figure 5.2 , wh i le the same rel ationsh i p

for the 30/70 and 0/100 S/A samples at the test track are shown in

Fi gures 5. 3 and 5.4.

The equa tions use d to compute the fa tigue criteria curves in

Fi gure 5.2 are as follows:

1. w18 
= 9.7255 x 1O 5(1/c)5~~

627 (ARE fati gue criteria)

where
w = load repetitions to failure with an 18 ki p loa d

= initial horozintal tensile strain

2. log Nf (<10%) = 15.947 - 3.291 log (e/1O ”6) - .854 log (E/103)

where (PDMAP fati gue cr iter ia)

= load repetitions to fai~~ re
= in i t i a l  hor i zontal tens i le stra in

E = Complex Modulus (Assume d equal to MR ) [50]

3. log Nf = -17.2278+5.87687 log (1/c)+O.O33594 (temp.)

where (WSU Test Track Lab fatigue criteria)

= loa d repetiti ons to fa i lure
c = initial hori zontal strain

temp . = temperature in  degrees F [44]

The relationship which provides the most conservative estimate
A

for limiting horizontal tensile strains contained in Figure 5.2 was
-4

developed by Austin Research Engineers for the Federal Highway Ac~nin-

istration (FHWA) and is normally used in overlay design purposes

[49]. Data from 27 AASHO road tests which included traffic repeti-

tions and predicted tensile strains were utilized in the development

4-J
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Load Repe t i t i ons

FIgure 5.2 FATIGUE CRITERIA FOR HORI ZONTAL TENSILE
STRAIN AT THE BOTTOM OF TH E TEST TRACK
PAV EMENT
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of this curve.

A less conservative relationship was developed by Finn et al .

for the PDMAP computer program, which can be utilized in the pre-

diction of fatigue cracking and deformation [50]. Based on AASHO

road test data, a sh i f t fac tor rel ationsh i p was devel oped whi ch

predicts repetitions to failure for input values of predicted

initi al tens il e stra i n and modulus.

Finally, the laboratory fatigue relationshi p developed by

K ingham and Kallas of the Asp hal t Ins titute ten ds to fal l between

the two previously described fatigue relationshi ps. This relation-

ship was obtained from testing flexural beams sawed from one of the

experimental test rings constructed at WSU in 1971 [44].

The fatigue curves developed for each of the three sulfur-

asphalt ratios utilized at the WSU test track during this study were

developed from the data points shown in Figures 5.3 and 5.4. Fig-

ure 5.3 is for a sulfur/asphalt ratio of 0/100, and Figure 5.4 is

for a sul fur/asphalt ratio of 30/70,

Fi gure 5.3 does not show a Bison data point for section 8. There
I

is no data point for section 8 because of the non-operati ve coil as

previously discussed.
- 4  . . .Fi gure 5.4 does not show a Bison data point for section 12

because the initial s train taken from the Bison gauges indicated that

under that par ti cular load con figura tion , the horizontal strains were

in com press ion , not tension.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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j. The number of repetitions to failure was taken from a daily

journal kept by the operators at the test facility at WSU. A summa-

-, tion of this journal is presented in Appendix A.

- Al so shown in FIgure 5.3 and 5.4 are the predicted initial

- 
- stra ins for the 0/100 and 30/70 sections . The 40/60 sections were

not characterized using the BISAR elastic layer flexible pavement
- 

- computer proaram ,because it was felt that not enough was known about

-

~ 
- the resilient modulus or other material characteristics of this lea n

- mix to provide adequa te input for the com puter model i ng . The MR ’s

used in this modeling were based upon those derived in l aboratory

~~rk done by Sharkey [26] for the pavement temperature at the time

the strip charts were developed.

During this computer modeling , two se ts of pre dicted data were

deri ved -- one for the 11!400—lb. load of arm and wheel assembly #1

centrally loca ted over the various coils , and the other wi th the same

load located as shown in Table 5.3.

In prepara tion of Fi gures 5.3 and 5.4,the actual B i son rea di ngs

were mult iplied by the strain ratio shown in Table 5.6, col umn 3.

Thi s w as done in order to give a more real i s ti c value for the initi al

I 
hor i zonta l tens i le s tra in indicated by the B i son gauges , s i nce the

loads were not positioned over the coi1s to give maximum strains.

Figures 5.3 and 5.4 have two graphical representations of the

fatigue criteria as developed by the adjusted actual Bison readings

and by the theoretical BISAR predictions .

_ _ _ _ _ _ _ _ _  ~~~~~~~~ - -~~r~~ - - ~-~~C ~~~~~~~~~~~~~ 
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In both fi gures the BISAR predicted curve is higher than the

adjusted Bison readings. From the l imited number of data points ,

it is -felt that there is fairly good agreemen t in slo pe between the
curves drawn from B tSAR predicted data points and those drawn from

- I

adjusted Bison data points .

— The comparison of Fi gures 5.3 and 5.4 to Figure 5.2, however ,

shows that the curves developed from this study are much steeper

than those predicted by ARE , Kingham and Kallas , or by Finn . The

cause of this disagreement bears further research and study.

Key el ements of thi s computer charac ter ization are shown in

Tables 5.4-5.8. Predicted surface deflection , hor i zon tal s tra in
(lon gitudinal and transverse), vertical strain in the subgrade

and deflections at the top of the extensometer were computed .

Comparison of Bison Indicated Initi al Strains and Deflections
to BISAR Predicted Initial Strains and Deflections

Surface Deflec tions

30/70

BISAR OFFSET is consistently greater than BISON outputs

by a factor of from 4.3 to 15.

0/ 100

BISAR OFFSET is less than the Bison outputs for sections 1 and 2

C by a factor of 1.4 and 1.2, but for section 7 the BISAR OFFSET is 2.9

times greater. Section 8, surface deflection was not computable

because of an inac ti ve co il “C ” .
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Horizontal Strain (Longitudinal)

30/70

No pattern apparent in deviations between BISAR OFFSET and

Bison output. There is a problem -in that for all but section 6,

BISAR OFFSET indi cates either tension or compression and the Bison

guages Indicate the opposite.

-
- - 0/ 100

Both BISAR OFFSET and Bison output indicate tension. No ten-

dency indicated for Bison or BISAR OFFSET to dominate. Section 7

has a high dispar ity between BISAR OFFSET and Bison , and Bison

readings are 14.7 times larger than BISAR OFFSET predicted. The

reason for thi s disparity is not apparent.

Horizontal Strain (Transverse)

30/70

Good agreement between BISAR OFFSET and 3ison . Sections 5 and

6 indicated values of BISAR OFFSET 2.1 - 2.6 times greater than Bison

output yielded . Section 11 indicates Bison reading 4.8 times greater

than BISAR OFFSET yielded. In section 12, BISAR predicts tension

and Bison predicts compression.

-q 0/100

The same Is true for 0/100 as for 30/70; that is, BISAR predicts

— uni formly hi gher results than yiel ded by Bison . (BISAR OFFSET pre-

dicts values 1.5—1.9 times greater than Bison.) - —

k’

~ 

~~~~~ ~~~~~~~~~~~ 
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Vert ical Stra in at Top of Subgrade

30/70

Bison yields higher verti cal strain for all 30/70 sections than

predicted by BISAR OFFSET. Bison is greater than BISAR OFFSET by a

factor of 2.2 to 10.6. Sections 5 and 6 are close to each other in

that Bison is 2.2-2.4 times greater than predicted by BISAR. Sec-

tions 11 and 12 are close to each other in the same manner as were

5 and 6 close to eac h other. Sec tions 11 and 12 vary from predicted

by considerably more -- 10.6 and. 7.6 times, respectively.
0/100

Good agreement for all three sec tions . Bi son output is greater

than predicted by B~SAR OFFSET by a factor of 2.3 to 4.8.

Deflection at Top of Extensometer

30/ 70 and 0/ 100

This appears to be the wors t agreement of all examina tions . In

all cases BISAR OFFSET predicted is much greater than the Bison out-

put . The reason is not apparent but could be that the estimated MR

for the Palouse Silt (4,000) is too low.

BISAR OFFSET predictions are from 40.4 to 96.8 times greater

than Bison obtained readings . This indicates a major problem with

either the extensometer or the BISAR computer characterizations. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~- __________- — - —-— -- - — —-  ____
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General comparison of BISAR OFFSET predicted versus Bison

ind icated readings show the overall best agreement was attained for

transverse hcriz~stal strains at the lower surface of the pavement.

With the exception of the readings for deflections at the top of the

extensometer , there i s fa irly good agreement between BISAR OFFSET

predicted and Bison indicated as measured strai ns and deflections .

In an effort to examine the obvious problem at the extensometer,

an examination was made of what would have happened to the surface

deflection of the pavement if the BISAR OFFSET predicted deflection

at the top of the extensometer were substituted for the Bison deflec-

tion at the extensometer. The resul ts of this substitution are given

in Table 5.8 and Figure 5.5.

This examination shows two trends of -interest. First, the

Bison guage measurements indicate the lowest surface deflections by

~f all eight examined sections except in sections 1 and 2.

Second, the surface deflect ion f rom the hybri d combination of Bi son

vertical strains and BISAR OFFSET predicted extensometer deflection

yiel ds favorable comparison to those predicted than does the Bison

data alone .

Indica tions are that there was e i ther something wrong
4

wi th the extensometer ’s design or with the BISAR modeling. Benkelma n

beam data is available which shoul d be examined to shed further light

on this question .

L - -
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— 

Table 5.9. CALCULATED SURFACE DEFLECTION

METHOD OF CALCULATION 
-

*

Section Bison BI SAR Bison!
Gages OFFSET BISAR Hybrid*

* Only Only

1 104.6 72.6 167.0

2 59.0 42.6 99 ,7

5 15.5 66.5 77.4

7 17.3 49.9 48.4

11 8.4 51.5 58.0

12 9.8 43.5 47.7

x lO”
~ inches

*Bjson/BISAR Hybrid computed by summing BISAR OFFSET defl ection
of coil “C” and deflections indicated by Bison measured vertical
strains between coil sets AB and AC.

4

54,
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FIgure 5.5. SURFACE DEFLECTIONS AS COMPUTED BY
BISON, BISAR AND BISON/BISAR HYBRID 



CHAPTER V I

CONCLUS IONS AND RECOMMENDATIONS

Conclus ions

1. There appears to be similar performance from the 30/70 SEA

and the 0/100 conventi onal test sections.

2. The initial strains versus load repetitions to failure graphs

show a marked similarity between the 30/70 SEA and the 0/100 conven-

tional asphalt sections , both in load repetitions and initial strains.

3. The predi ction of pavement response by e las ti c layer theory
as applied by the Shel l Oil BISAR compl.~ter program appears to be valid

for horizontal strains at the bottom of the pavement. The surface

deflecti ons, vertical strain in the pavement and vertical displace-

ment at the top of the extensometer do not show the same degree of

agreement. It is possible that as the material characteristics of

the different sections are more accurately determi ned the BISAR pre-

dicted vertical strains and deflections will come into better agree-

ment.

4. In any future utilizati on of SEA two factors must be taken
— 

into account at the job site. Improper placement temperature and

the potential for overcompaction appear to be real concerns for the

future user of sulfur-extended asphalt.

5. Indications are that there will be saving of time and equip-

rnent associated wi th the ease of placement and compaction characteris- 

~~~~~~~~----~~~~~~~~~~-~~~
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tic of SEA mixes .

Reconinendati ons

1. Ms ’s should be determined for all coring samp les at not only

the traditional 5, 20, and 40°C temperatures , but also at 13°C which

was the temperature at which the stri p chart records , indicating

initi al strain , were taken .

2. Further testing of the subgrade material should be conducted

to check the MR of the Palouse Silt against the ass umed MR of 4 ,000

psi used duri ng this study. The 4,000 psi MR was based upon previous

studies conducted at the Washington State University Test Track

Facility.

3. The characteristics of the 40/60 S/A sections are , as yet ,

completely unknown. A regime of laboratory tests , to include

specific gravity , specifi c density and extractions to determine the

actual sulfur and asphalt composition of the mixture placed on test

track sec tions 3,4 ,9 and 10, should be undertaken .

4. The actual temperature environment experienced by the test

track must be taken into account. The test track operations were
S

normally carried out at temperatures significantly below the 13°C at

which the initial strains were measured . Initial strains may have

been lower if they had been measured at the average operating

temperature.

- - - ~~~~~~ - .-~~~~~~~~~~~
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5. Though fatigue failure was the failure experienced at the

test track , sufficient data shoul d have been gathered to examine
rutting as a poss ible mode of fa ilure . Any further testing at the

test track should include rut measurements.

I

6. As long as the WSU test track remains exposed to the elements,

instrumentation should be placed in the subgrade that woul d give con-

P tinuous moisture content readings . This is particul arly critical
— s ince the strength of the Palouse Si lt fails so rapidly w ith increased

moisture content. This would be inval uable information for later

evaluation and modeling of pavement performance.

I
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Soct io n 1

~~.) I . ~,~V*I l t I ~~I . Infl 1). - ,... 1. 1 1~ L I o,i of Ev, n t

H ) — 2 ’ — 79 5 ,875 Round thu clock tr ack oper ation begun

11—02—79 28.152 Pavement okay , no visible cracking

11—06—79 43,225 Raif of Section developing alligator cracks ; logitudin.~1
crack (3 ft) along outside edge of wheel path

11—09—79 50,639 3 ft long, ¼” longitudinal shear failure on outside edge
of wheel path ; continued developmen t of alligator cracking
within wheel path of beginning half of the Section

11—11— 79 57 .698 Continued exp~ns1on of longitudinal crack; notice~~~c~
separation outside edge of wheel path; pe rmanent dLiorm ~ t~ or.
beginning

11—12—79 62,052 Cold patc hed deepest deflections

11—14—79 72,140 Pavement outside wheel path heaving, 2½” vertical separation

11—17—79 81,475 Water ponding in deflected areas; subgrade pumping; entire
length of section failed

11—18—79 83.068 Section dug out; hot asphalt placed

Section 2

10—25—79 5,875 Round the clock track operation begun

11—02—79 28,152 No visible cracking

11—06—79 43,225 No visible cracking

11—29—79 108,090 No apparent cracking

12— 02—79 120,567 No apparent cracking

12—14—79 129,323 Transition 2—3 forming transverse cracks (18” length)

12—18—79 133,698 No change

01—02—80 138,659 No evidence of cracking

01—23—80 152,000 No evidence of cracking

I 
- 
Th -~ - - - - - .- - - -  • - -~~ - - - .~~- - - - - -
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Section 3

Date Revolu tions Description of Events

10—25—79 5,875 Round the clock track operation begun

- 
- 11—02—79 28,132 8 transverse cracks within wheel path; 2 ft lengths

11—06—79 43,225 10 transverse cracks across complete wheel path; perma-
nent deformation noticeable

11—09—79 50.639 No noticeable change

11—11—79 57 ,698 Not iceable deflection; longitudinal crack development at
middle of section and on outside edge of wheel path;
alligator cracking beginning to develop

11—14—79 68,517 Transverse crack the width of the wheel path covering
entire first half of section

11—15—79 77,713 Wate r ponding in permanent deformation ; mud visible in
cracks ; considerable increase in alligator cracking

11—18—79 83,068 Section dug up; hot asphalt placed

Section 4

10—25—79 5,875 Round the clock track operation begun

11—02—79 28,152 No visible cracks

11—06—79 43,225 No visible cracks

11—12—79 60,968 Longitudinal cracks beginning to form

11—23—79 87.447 3 ft longitudinal crack on inner half of wheel path;
only crack evident

11—24—79 91,324 Gauge lost cover

11—29—79 108.090 No change; transition 4—S forming transverse cracks at
patch joint; some settlement occurring

11—30—79 111,481 Longitudinal crack expanded to 5 ft length

12— 14—79 129.323 No change

12—18—79 133,698 No change

01—02—80 138 ,659 Transverse cracks beginning to form from longitud inal
crack

a - - - - 
~~~~ ~~~~~~
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Section 4 (continued)

D~tc Revolution s Description of Events

01—21—80 145,311 At outside of track middle of section , 4 transverse cracks
• 2 ft in length; no change in longitudinal crack

1—23—80 152,000 7 f t longitudinal crack; 6 transverse cracks , about 2 f t
wide, center of section

- 
- - Section 5

10—25—79 5,875 Round the clock track operation begun

11—02—79 28,152 No visible cracks

11—06—79 43,225 No visible cracks

11—12—79 60,968 A few small transverse cracks beginning to form (5” to 8”
in length)

11—15—79 77 ,713 A few small trans verse cracks beginning to form (5” to 8”
in length)

11—18—79 83, 068 Alligator cracking and permanent deformation at beginning
end of section ; transverse cracks the width of the wheel
path across remaining center of the section ; water ponding
in depressions
Section dug up. replaced with asphalt

12— 07—79 121,732 Section dug up again and portland cement concrete placed

Section 6

10—25—79 5,875 Round the clock track operation begun

11—02—79 28,152 No cracks

11—06—79 43, 225 No cracks

11—29—79 108,090 No visible evidence of cracking

12—02—79 120.567 No visible evidence of cracking

12—06—79 129. 323 Cracking progressing fr om 6— 7 line into section 6 (t rans—
vevse and longitudinal cracking) appro xinately 3 f t  into
section 6

12—18—79 133,698 No change; 5—6 transition patched with portland cement
concrete

- - —-- --— - - -
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Section 6 (continued)

Date Revolutions Description of Events

01—02—80 138.543 Section 6 showing no evidenc e of cracking - 
-

01—14—80 143,302 No change — 
-
~

01—16—80 144 .096 No change

— - 01—22—80 148 , 785 No change

01—23—80 152 ,000 No evidence of cracking in section 6 , except around
transition zones

Section 7

10—25—79 5,875 Round the clock track operation begun

11—02—79 28,152 7 transvers e cracks within wheel path , 2½ ft  lengths

11—06—79 43, 225 Subgrade squeezed out at center of section . 3 f t  X width
of wheel path; covered with alligator cracking; longitudi-
nal cracks along inside and outside edge of wheelpath;
noticeable permanen t deformation

11—09—79 50,639 Shear failure developing along outside edge of wheel path

11—11—79 55 ,215 7 and 8 transition zone 2” depression

11—11—79 57 , 698 Alligator cracking expanding throughout section ; increas-
ing permanen t deflection ; noticeable heaving of out side
edge of wheel path

11—12—79 60 ,968 Entire section covered by alligator cracking; permanent
deflection full length of section

11—12—79 62 ,052 Cold patched

11—17—79 81,475 Entire section failed ; outside of wheel path heaving

11—18—79 83.068 Section dug up; hot asphalt patch placed

12—07—79 121, 732 Portland cement concrete placed because of patch break -up

H



— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~V ’  

- JL JJLLLJ..

175

Section 8

D~to Revolutions Description of Events —

10—25—79 5,875 Round the clock track operation begun

11—02—79 28, 152 No crack developmen t

ll—OF.—79 43, 225 Transition 7 and 8, transverse cracking developing

11—12—79 62,052 No change

11—29—79 108,090 Longitudinal crack ( 2 ft length) formed center section

12—01—79 119, 043 No change

12—14—79 129, 323 Longitudinal crack expanding at center of section ; no
evidence of any transverse cracks ; longitudinal crack
progressing inward from both transition zones

12—18—79 133,698 Center longitudinal crack 5 ft long, longitudinal from
section 7. 6 f t  long

12—22—79 137 ,565 Section 9 collapse progressin g 3 ft  into section 8

01—02—80 138 ,659 Longitudinal crack from Section 7 expanded 8 ft into
section 8

01—14—80 143,302 No change

01—23—80 152 ,000 No change

Section 9

10—25—79 5, 875 Round the clock track operation begun

11—02—79 28 ,152 No cracks

11—06—79 43, 225 Fatig ue cracking at 9 and 10 transition zone

11—10—79 51,953 8” transverse crack; slight deflection with wheel pass

11—10—79 52 ,438 Tr ansverae crac ks spreading from 9 and 10 tranaition zone

11—11—79 58,324 No development of longitudinal cracks as of yet

11—12—79 60.968 Alligator crack. beginning to form at 9 and 10 transi-
t ion zon e

11—14—79 69.920 Same ~~~- 

-
- —--——- 
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Section 9 (continued)

D~to R~volutions Description of Events

11— 18—79 83, 068 Tran s~ erse cracks throughout entire section ; noticeable
permanen t defor mation at center of section ; subgrade
pumping.
Section dug up; hot asphalt p laced

Section 10

10—25—79 5 ,875 Round the clock track operation begun

11—02—79 28. 152 No cracks

11—06—79 43.225 Fatigue cracking at 9 and 10 transition zone

11—12—79 60,968 Evidence of small transverse crack

11—14—79 72,140 Transverse cracking continuing to form within the section

11—18—79 83,068 Transverse cracking throughout entire section ; noticeable
permanent deflection; hot asphalt placed at 9 and 10
transition zone; zealous paving crew replaced almost
half of the section with asphalt

11—22—79 85,806 Extreme alligator cracking, plus longitudinal cracking
inside and outside edges of wheel path ; mud workin g up
from subgrade; permanent deflection on remaining unpaved
part of section

11—26—79 95. 750 Deep depression , continued break—up -

12— 07—79 121,732 Portland cement concrete placed over entire section

Section 11

10—23—79 5,875 Round the clock track operation begun

11—02—79 28, 152 2 ft  x 4 ft  fatigue failure; alligator cracking developing

11—05—79 38 ,562 Alligator cracking developed throughout entire section;
pumping of subgrade; longitudinal cracking (14 ft) along
outside edge of wheel path ; noticeable deformation

11— 06—79 43,225 Outside edge heaving; 3 ft x ½” deep shea r failure outside
edge, continued development of alligator cracking

11—09—79 50,639 1” to ½” vertical pavemen t separation along entire outside
.dge of the vh.slpat h; extreme alligator cracking develop—
ing over entire section area

- - —
~~~-~~

- — -
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Section 11 (continued)

fl~it,~’ }L’volutjons Description of Events

11—12— 79 62. 052 Continued pav ement separation on edge .f outside wheel
path , ext reme permanen t deformation for entire length
of section
Cold patch app lied to reduc e wheel bounce

11—14— 79 72, 140 3½” separation heav e on outside of wheel path; cold pat ch
applied

11-18—79 83, 068 Section dug up; asphalt hot mix placed

Section 12

10—25—79 5,875 Round the clock track operation begun

11—02—79 28,152 No cracking

11—06—79 43,225 No cracking

11—09—79 50,639 11 and 12 transition zone break—up

11—14—79 72,140 Longitudinal crack from section 11 expanding through
transition zone of 11 and 12; center of section 12 still
intact

11—18—79 83.068 Center section still okay

11—29—79 108.090 14” longitudinal crack at center of section

11—30—79 111.481 3 transverse cracks ( 1 ft length), center of section ;
longitudinal crack 2 ft long

12—01—79 110,043 5 (1 ft) transverse cracks; longitudinal crack 30” in
length

12—14—79 129,323 8 transverse cracks now extend across wheel path; longi-
tudinal crack 33” long

12—15—79 131 .620 Alligator cracking developing; noticeable aubgrad e expul-
sion

12—22—79 137 ,565 2 f t  x 3 f t  alligator cracking around area by sensor

01—02—80 138,543 Transverse crack. developing throughout entire section
within wheel path

01—14—80 143,302 Mo increase or change

01—16—80 144 ,096 No incr ease or change
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Section 12 (continued)

Ilit , ’ R.~vs~1t,i L~ ns Descri ption of Events -

01—23—80 152 ,000 3 f t  by width of wheel path around center of section -
-

covered with alligator cracks ; rest of section okay . - -

— only slightly visible evidenc e of transverse cracking

S -

I
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The Bison strain gages (manufactured by Bison Instruments Inc.)

were used extensively in the research described in this report . To

enable a better understanding of how these instruments were used , a

review of the calibration process is appropriate .

The calibration process invol ves three distinct steps. These

are:

1. Development of coil spacing versus amplitude plots for

t 
‘ Ranges 1, 2 and 3 for the i-lfl., 2—in , and 4-in, diameter

strain gages.

2. Development of coil spacing versus inches per volt re-

lationships for the 1—in., 2-in, and 4—in, diameter

strain gages.

3. Development of strain multiplication factors (K’) versus

calibration signal.

Item 1 described above resulted in the initial relationships which

enable measurement of the distance between any two strain coils. Thus ,

defl ections between two strain coils can be measured over time or be-

tween a load or no load condition. These rel ationships can be directly

used for static loading conditions. Dynamic measurements require ad-

ditional relationships which will subsequently be described .

The results of these Initial calibration efforts are shown as

Figures B-i through B-5 and indicate the relationship between coil

spacing and amplitude . The amplitude is used to achieve a signal

balance or nul l condition , i.e., the difference between two ampi i-

tude readings correlates with change in coil spacing. Al so shown In

these figures are three coil separation ranges. These ranges cor- 

~~~~ 1~ -



It -
—

AD—A 08 3 725 ARMY MILITARY PERSONNEL CENTER ALEXANDRIA VA FIG IS/I$
INITIAL ANALYSIS OF TIE SULPUR EXTENOED TEST TRACK CONSTRUCTED —€fl (tJ )
MAR 80 R L GARMAN

UNCLASSIFIED NI.

, II

p
I



IO  ~~~~~~~~~~~~~~ IUP~I =

_ _  

2.2

II I I
U _______

fflfl 1.25 fl~ I.4 ufl~
MICROCOPY RE SOLUTION TEST CHART

NATIONAL BUREAU O~ STA NDAR OS-1 96 3 -A



-~~~ ~~~~~~~~~~~~~~ -,-~ -~ 
- —~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~— — ~~ -~~~~~
-.-- -

~~~~~~
-

181

_______  _______  _______  0

_ _ _ _  _ _ _ _  

1~ — 8

_ _ _ _  _ _ _ _  _ _ _ _  -___

_______  _______  _______ — 
_______

~~~~~~~~~ ~ ~~~~~~ 
.
~
_ _ _ _ _  _ _ _ _ _

~~~~~~~~~~~~~~ 1I_
—

~~~~t
_ _ _ _  _ _ _ _

_____  

4 .  
______  ______

~~~~~~~~~~~~~~~~~~~ L~~~~~~. . ____

_ _ _ _ _ _ _  _ _ _ _ _ _  1 - — a~+ 
__________ a,I a _____________ 

.~~ ~~- ,-_ _ _ _ _ _ _  ‘ I  .
~~ ______  ~~r 

0 .~~ _I —I 0 —  —~~~_____ - 
_ _ _ _ _ _  _ _ _ _ _ _  

4, .-

______  

-
~ I ~

—-—;

~~ ~~~~~. . 1 . 
_ _ _ _ _  —~~~~~~

-~ —‘-4-+---~----~- I - ________
_______  _______  0

_ _ _  

-1 ( 
_ _ _ _ _

~~~~~~~~~~~~~~~~ I .

-I—-
~ _______

• — -
~~ 

— I -
~
- t-

~~
-
~ ~~~~ •~- =  — -,

~~: -rn
~~ L

(I.l puI) bupedS h O D

_ _ _ _



“- . •,.,• •,•——— --~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

_ _ _ _ _ _ _ _ _ _ _ _

I

182

C)
C

• . . C)

- — - “ . . , .  — -~~~~. . C)
• . -

t -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
C)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -

- - • - - - - -  I •_ - • . —
- --•~•—•-— —-—-— — -- -  --- -1 .~~~. - — — -  - a)

C) 

——• -—- -——---i-• --—-- ----..
- 

I C______ — .
‘ 

- -----— - -  C-” .~~ —- .- - —- - - —- -- ---- .-  -
‘

-- -. —---
• — _--—-—--——--—---- —-----—4-. —- -

- .- -•- - .—— —-—-—— —— - I - — - 0
— . — - — -—— — - —— - -  — - — — ___ a _ _ - •-•.... - LI_ II, v,

I —J- —-.- - .- - C)
1 —

~~~~~~~
———— 00 

— - .  ~~-__- -- -i — - - - . .  = L) E
- • - - — -  - — 

— • —-—-——— _•_ J — —-. -• •—- - -
_________ I —I—- - - — 

~~~~1~~~~~~~~
•
~~ 

a, ~~-—— ———
~~1 —----  - — — - — - . .— V 

- .~~~~~~~~~~~~~ . - .
~~~~~~~~~~~~~~~ j  - - . - ~~ I— 0

- —---_--—-- --——-~4-- - - - - -—-  4-’
- —.—- --—-—— -— —— -  -— ————-i - — --- (11 ~~
- Q ~~- C) Z

~•1
- — • --- -•--- —-.----—-- •. — ~~ I- 

- -
- .-.--- —-- ---- .
- - — —— -- - - -  -_

—

__________________________________________ - 
— L? O L)

- — --- - - -—---- 
- s---- — _---- - . - - - --— - -------• •- cs~
- - --

___  a)

- — - — -- - .——-~~~~~~~~~ -~~~~~~~~~~~ ---- . - - .

‘

I 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

If

~~~~:
L

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~H:. 
H

(sa~pu~) 6upod~ UOD

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - -  

-



— 
.-

_ _ _  - 

—.--~
w.

~ ~~~~~~~~~~~~~~~~~~~~~~~ 
~
——--

~~~~ 
- —‘- —— -- 

*~~
; :~~~

j—
~~~

--

-J

183

: :i: : 

- 
— - - - -  -  - J O . J—

- - - 1 - -  a- — —  •I - -  - -
- - I  - 0

• -I -- -  - .

- -- -- • - I  C)
_ _ _ _  - 0
— - - — — -  1

• 
•
~~~~~~~~

-•  - : - 
- -  

— - - 1

-_ _  _ _ _  - - -  - •
- - - 4  a,

• - - -— - - - - - - 4  ---1 - V 
— - -- --- • .- - - _4 .1-i

- -
_ _ _ _  I— 

• 
- I 

• • • 
-

- - - I - - 
— — —  -— - -  - - .1 - - -1~~ 1- - -

I - - - 1  - • -
- -  

~~~~~~~~~~~~~~~~~~~~~ 

- -  - 

-
• - 

(.4,

_ _  1-- -  
——- —i   -~~~ . -  a)

-• I -
- - —- -,  - - - C.)

• I
• a — - - —   I-

1~~~ 

~~~~~

- -1- —-- -

~~~~~~

• 
-~

- 1- — --i-- I  
_ _ _ _ _ _ _ _ _

0 
- 

10
— (saqIu~ ) &u~~~dS Uo3

~ J

~ 

-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r.- ,- ~~~~—-~~~~~~~~ -~~ -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~



- -

184

— C)
- ‘  . -  • 0

- - - - 0

- 
8

— • —  • - - • •

I

Ct
- 

_ _ _

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ I -
~~~~~~- - - — —-4- —- - - -• — ~~~~-- - —  - — .  C

- - —  CD ID 
- - — — - - - -  C)

• - --- —  
—- 7- - - --— - 

8

_ :~~I~~J 1~I1— —  —J 1~ — - - - -
- ——- —----h- 
- - •  - -—-- • - -•  --

- - .-----  --  --•---— —-• - -- • —

:~~~~~~ iL
- - •  -

- -  

~~~~~LIJ
- - - - --- - - - - - ---— - -  - 

S - -  - -  - - •  - - — - - - C)
-
~ 

0
- 

— —  • - • -  - - - i - - - -
_ _ _  

___________ - - -4— -  - --
— C)
- -

- - ;

-  
-

.1 -. ---
~~

•
~1 ~~~~~~ ::: •::

-_—-i --—- - —-—----—
~

- - - - — - -  - 0 
i- - • - • - --.- - 

—

_ 
I 

A

~~~~~~~~~~~~ - - -J ~~~~~o
0

(sai u
~

) 6u~~~d~

~1
_ _  

______________________
- -— -4--- ~~~~~~~~~~~~ 

- - .—_ ~~~
-
~~ ‘---- ~~~~ —~~-~ - -~~~~ -•~-——•- ~~~~~~~~~~ :~ -~ 

C
. :-.



C C C C~ -
~~~~ 

-- — - - -

—‘-‘C- ~~~~~~~~ 

185
_______________________________________________ C)

C)- - 0

I

_ __ _  

-

-— - — — -- - - -• --- --- C’-’ .-. C) 
- -  - - - _ 1 __ _ _ ___ -- - - -

- - - - — — a,) 
- -  0.)

_

_

_ 

_

-~~~~~~~~ —— — - - • - -—  —  -~~~~~~ ~~ - E —~~~ — —- - - - - - —- - - - - - -- - - ~~~ — —-- -—-4—- -—- - . - 
— ~~~~~~~~~~~~~~~ —--- .-- - - - - --- 

— — — —  — - ‘ C —  — - —-— - —-— - - - — — 
.-~~~- —--— ----- - - —--- • - - 

—- - —-- ‘ - --- - - - --— --——- - 
.

- - - - - - -  - -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  0
0 cfl C) 

-—~~~~~~~ - - -- - - - — -  - -  
-—-i - -  - — -  --— — -J O —

- - - _ - - -__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1  — - - - -  . - - —~~~~~~
- - -• -  - -

:i iti—~~~~
, i_ _

- - 

_ ;
~~J . _iT~~.ii~~~IIT - 

- 
a)

- 
- - 

- -

(s~Ipu~) 6upQdS UOD

~~~~~~~~~~

—- - - -



‘C - - —— ~~ ‘ _ ‘, —, — - - - — -~~~

.

186

respond to a rough measure of coil separation distance (in terms of

coil diameter) as follows:

Range 1: 1 to 2 diameters

Range 2: 1.5 to 3 diameters

Range 3: 2.5 to 4.5 diameters

The same generalized curvilinear relationships for coil separation ver-

sus amplitude hold for 1-in , diameter (Figure B-i), 2-in, diameter

(Figures B-2 and B—3 ) and 4-in, diameter (Figures B-4 and 8-5) strain

coils. For the 2-in and 4-in, diameter coils ,- calibrations for both

paral lel and coplanar confi gurations were necessary. Onl y one cali-

bration was necessary for the 1-in , diameter coifl because the i-in.

coils were used only in a parallel configuration .

The procedure used to obtain the relationships shown in Figures

B-i through B-5 was to place two coils in a wooden .jig designed and

constructed for thi s purpose. The two coil s were then connected to

the Bison instrument. One coil was slowly moved via use of a micro-

meter and corresponding amplitude readings were obtained. In this way

a ful l series of coil spacing versus amplitude readings were obtained .

The initial coil spacing was measured with a scale at three separate

locations around the circumference of the coils. This distance was

taken as a center-to-center coil measurement. The sensitivity of the

Bison instrument during this calibration process was at the maximum

possible value.

Al though the previously described claibration process was ade-

quate for measurements made In a static loading mode , additi onal

cal ibrations were required to allow measurement of dynamic deflections

A
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(hence strains). Dynamic deflection measurements required the use of

voltages todetermlne changes in coil spacings . Thus ampl i tude readings

were not sufficient and coil spacing versus Inches of deflection per

vol t Wer(’ made. This calibration process was similar to that previousl y

described excep t that a volt meter was usvd to measure changes in coil
I. 

spac lnqs . These calibrations were made for all three coil sizes and -
~~

both configurations (parallel and coplanar). This information is shown

in Figures B-6 through B-l i.
I

The cal ibrations shown in iqures 8-6 through 8-il allow the use

of a known coil spacing to dt~t. ’rm i ne a value of inches of deflection

per volt , By measuring the voltage change between two coils durinq

loadin g, the change in d1stinc~ between coils can be computed. Thi I ’C

relationsh ip does not need to be modified if the Bison instrument Is

at full sens itivity . Durinq the test track operation , lower sens it ivi—

ties were necessary thus requiring additiona l calibrations.

The final wr1~’s of cal ibrations were used to find relationships

between change in deflection for constant voltage changes taken ovt ~r

a r~nqi of Bison instrumeflt sensitivitie s. The su’ n sitlv lty of the

Bison Instrument was quantified by use of the “Cal ibration Signal”

wh ich ranges from 1000 (maximum se~is itiv ity ) to 0 (no sensitiv ity).

The ratio of the change -in deflection at any calibration signa l level

and the change In deflection at a calibration signa l level of 1000 was

calculated and denoted as k’ . This value is used as a multipl ier to

1ncr~ se the deflection value determined from the calibrations shown in

Figure B-i through 8-11. Thus appropriate deflections can be deter-

mined for any Bison instrument sensitivity . The results of these cal i—
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bratlons are shown as Figures B-l 2 through B-14 for the three coil .

sizes. The k’ values were determined for both the parallel and coplanar

coil configurations but resul ted in essentially the same relationship.

Thus the overall calibration procedure simplified slightly.

All cal ibration relationships were quantified by use of regression

techniques. This enabled more accurate determinations of deflections

(strains) to be made from the raw data .
I

I
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