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1. INTRODUCTION 

1.1. Background 

Qual i ty  g ranu la r  m a t e r i a l s  s u i t a b l e  f o r  bu i ld ing  al l -weather  roads 

a r e  not  uniformly d i s t r i b u t e d  throughout the  s t a t e  of  Iowa. For t h i s  

reason t h e  Iowa Highway Research Board has  sponsored a number of  research  

programs f o r  t h e  purpose of developing new and e f f e c t i v e  methods f o r  

making use of whatever m a t e r i a l s  a r e  l o c a l l y  a v a i l a b l e .  This  need i s  

ever  more p res s ing  today due t o  the  decreasing a v a i l a b i l i t y  of road funds 

and q u a l i t y  m a t e r i a l s ,  and t h e  inc reas ing  c o s t s  of energy and a l l  types 

of b inde r  ma te r i a l s .  

I n  t h e  1950s, Professor  L. H. Csanyi (8-12) of Iowa S t a t e  Univers i ty  - - 
had demonstrated both i n  t h e  l abora to ry  and i n  t h e  f i e l d ,  i n  Iowa 

and i n  a number of fo re ign  c o u n t r i e s ,  t h e  e f f e r t i v e n e s s  of prepar ing  low 

c o s t  mixes by s t a b i l i z i n g  ungraded l o c a l  aggregates  such a s  g rave l ,  sand 

and l o e s s  with a s p h a l t  cements us ing  t h e  foamed a s p h a l t  process .  I n  t h i s  

process c o n t r o l l e d  foam was produced by in t roducing  s a t u r a t e d  steam a t  

about 40 p s i  i n t o  heated a s p h a l t  cement a t  about 25 p s i  through a spe- 

c i a l l y  designed and proper ly  ad jus ted  nozzle.  The reduced v i s c o s i t y  and t h e  

increased  volume and su r face  energy i n  the  foamed a s p h a l t  allowed in t ima te  

coa t ing  and mixing of co ld ,  wet aggregates  o r  s o i l s .  Through t h e  use of 

a s p h a l t  cements i n  a foamed s t a t e ,  ma te r i a l s  normally considered unsui t -  

a b l e  could be used i n  t h e  p repa ra t ion  of mixes f o r  s t a b i l i z e d  bases  and 

s u r f a c e s  f o r  low t r a f f i c  road cons t ruc t ion .  By a t t a c h i n g  t h e  des i r ed  num- 

be r  of foam nozzles ,  t h e  foamed a s p h a l t  can be  used i n  conjunct ion wi th  

any type of mixing p l a n t ,  e i t h e r  s t a t i o n a r y  o r  mobile,  ba t ch  o r  continu- 

ous, c e n t r a l  p l a n t  o r  in-place s o i l  s t a b i l i z a t i o n .  



The extens ive  l abora to ry  and f i e l d  t e s t s  conducted a t  Iowa S t a t e  

Univers i ty  d i sc losed  a  number of advantages of t h e  foamed aspha l t  process ,  

inc ludingthe  fol lowing:  

Ungraded l o c a l  aggregates  may be used i n  producing s a t i s f a c t o r y  

mixes f o r  paving purposes. 

Cold, damp o r  wet aggregates  may be used i n  t h e  product ion of 

co ld  mix a s p h a l t i c  concre tes .  

Clayey, sandy o r  granular  s o i l s  may be  s t a b i l i z e d  i n  a  moist 

condi t ion  wi th  a s p h a l t  cements by e i t h e r  s t a t i o n a r y  p l a n t s  o r  

mobile road mix p l an t s .  

Asphalt concre te  mixes can be s tockp i l ed  f o r  long per iods  of 

time . 

1.2. Foamix 

In  1968, the  pa ten t  r i g h t s  f o r  the Csanyi process  were acquired by 

Mobil of Aus t r a l i a .  By 1970 Mobil had modified t h e  process  f o r  foaming 

by r ep lac ing  t h e  steam wi th  1-2% cold water  and f u r t h e r  al lowing mixing 

of t h e  foam through a s u i t a b l e  mixing chamber (3-7). - - Mobil was granted 

a  pa t en t  i n  A u s t r a l i a  i n  1971 and t h e  pa ten t  has  now been extended t o  a t  

l e a s t  14 coun t r i e s ;  some type of work r e l a t e d  t o  foamed a s p h a l t  is 

being performed i n  a t  l e a s t  16 coun t r i e s  (23). I n  t h e  U.S., Conoco, Inc. ,  

has  t h e  r i g h t s  t o  t h e  foam process.  

The b a s i c  Mobil foaming process c o n s i s t s  of in t roducing  cold water  

under c o n t r o l l e d  flow and pressure  i n t o  hot  a s p h a l t  cement i n  a  s p e c i a l l y  

designed foaming chamber which d ischarges  t h e  foamed a s p h a l t  i n t o  t h e  

co ld ,  moist aggregate through the  nozzles  of a  spray  ba r .  The Mobil 



foamed a s p h a l t  process  (Foamix) has  been adapted t o  continuous mix 

p l a n t s ,  drum mixers and batch p l a n t s .  The process  has  a l s o  been used 

i n  t r a v e l  p l a n t s  f o r  processing i n - s i t u  m a t e r i a l  f o r  s o i l  s t a b i l i z a -  

t i o n  work. The Colorado Department of Highways has  been e v a l u a t i n g  t h e  

Foamix process ,  wi th  FHWA p a r t i c i p a t i o n  on an HPR resea rch  p r o j e c t  (1) .  - 

Other highway agencies  t h a t  a r e  experimenting wi th  t h i s  process  inc lude  

Indiana ,  Michigan, Texas, North Dakota and Oklahoma. 

Although many mi les  of foamed a s p h a l t  mixtures  have been produced 

by the  Csanyi process  f o r  su r face  cons t ruc t ion ,  t h e  foamed a s p h a l t  mix- 

t u r e s  produced by t h e  Mobil process have been mainly used f o r  base  and 

subbase cons t ruc t ion .  

1 .3.  Advantages of t h e  Foamix Process 

Based on experiments conducted i n  A u s t r a l i a ,  South Af r i ca  and Colo- 

rado,  Foamix appears  t o  have t h e  fo l lowing economic, a p p l i c a t i o n a l  and 

environmental advantages: 

m Cold mix base  course can be  produced wi th  co ld ,  w e t  and marginal 

aggregates  inc luding  sand and gravel .  

0 Conventional equipment can be used i n  continuous p l a n t s ,  f o r  i n - s i t u  

mixing, and i n  drum dryer  mixers w i t h  minimum modif ica t ion .  

No a e r a t i o n  o r  cur ing  is requi red  be fo re  compaction. 

Less energy consumption compared wi th  Csanyi process  (no s a t u r a t e d  

steam requ i red ) .  

m U s e  of 100% a s p h a l t  cement i n s t e a d  of 60% a s  is t h e  case  with 

emulsion. 



Minimum problems wi th  d u s t ,  d i l u e n t  fumes o r  b l u e  smoke when 

used i n  a s p h a l t  recycl ing .  

I n  view of these  p o t e n t i a l  advantages of t h e  foamed a s p h a l t  process  

and t h e  need f o r  e f f e c t i v e  means of producing low c o s t  pavement mixtures  

wi th  l o c a l l y  a v a i l a b l e  m a t e r i a l s ,  t h i s  r e sea rch  was i n i t i a t e d .  



2. OBJECTIVES 

It was envisioned tha t  the research on foamed asphalt would be con- 

ducted i n  two phases. Phase 1 consis ts  of laboratory evaluation of mar- 

ginal  materials and Phase 2 w i l l  be one or  more f i e l d  t r i a l s  t o  gain expe- 

r iences associated with foamed asphalt construction, control ,  performance 

and t o  es tabl ish mix design c r i t e r i a  sui table  for  Iowa conditions. 

The objectives of Phase 1 research were t o  invest igate ,  i n  the labora- 

tory with a Mobil/Conoco Foaming Unit, the s u i t a b i l i t y  of :  

1. Representative marginal but loca l ly  available Iowa aggregates 

and s o i l s  a s  foamed asphalt s tabi l ized base courses, 

2. Cold mix recycling by foamed asphalt process, and 

3. Stabi l iz ing materials present on country roads (gravels and rocks) 

by the foamed asphalt process. 



3. METHODS OF INVESTIGATION 

3.1. Ma te r i a l s  

3.1.1. S o i l s  and Aggregates 

A s  o r g i n a l l y  proposed, four  l o c a l  m a t e r i a l s  (a  g rave l ,  a sand,  a 

l o e s s  and a l imestone crusher  waste)  were t o  be evaluated i n  conjunct ion  

with an a s p h a l t  cement. As a r e s u l t  of a meeting on November 2, 1979, 

i t  was decided t h a t  f i v e  l o c a l  m a t e r i a l s  would be s tudied  i n  conjunct ion 

with two a s p h a l t  cements. However, s i x  m a t e r i a l s  (about 300 l b  each) 

were de l ive red  t o  Iowa S t a t e  Univers i ty  d u r i n g  November and December, 

1979. To some degree,  a l l  s i x  m a t e r i a l s  were evaluated.  They were: a 

p l a s t i c  l o e s s  (B-1) from nor th  of  Ea r l ing ,  Shelby Co.; a p i t  run  sand 

(B-2) from Corely Gravel P i t ,  south  of Harlan, Shelby Co.; a blow sand 

(B-3) from Poweshiek Co.; a p i t - run  g rave l  (B-4) from Peterson  P i t ,  

Story Co.; a l imestone crusher  waste  (B-5) from South Waterloo Quarry, 

Black Hawk Co.; and a second blow sand (B-6) from south  of Harlan, Shelby 

Co. Loess (B-1) was f u r t h e r  blended with p i t  run sand at 20180, 30170 

and 40160 r a t i o s  making B-8, B-9 and B-10; blended with Shelby Co. blow 

sand (B-6) a t  10190 r a t i o  making B-7; and blended with Poweshiek Co. 

blow sand (B-3) a t  20180 r a t i o  making aggregate  B-11. A l l  t o l d ,  e leven  

aggregates  and aggregate blends were s tud ied .  I n  add i t ion ,  two e x i s t i n g  

county road s u r f a c e  ( top  4 t o  6 i n . )  m a t e r i a l s  were obtained.  One w a s  

from Mortensen Road, south  of Ames, S tory  Co. (C-1) and one was from t h e  

southeas t  corner  of Shelby Co. (Secs. 21, 28 and 33 Clay Twp.), des ignated  

a s  C-2. 

To e v a l u a t e  t h e  f e a s i b i l i t y  of cold r ecyc l ing  us ing  foamed a s p h a l t ,  

a reclaimed m a t e r i a l  from t h e  Kossuth Co. 1979 r ecyc l ing  p r o j e c t  (LP-138- 



73-55) and a salvaged crushed bituminous pavement from t h e  1-80 S t u a r t  

s t o c k p i l e  were obtained toge the r  wi th  v i r g i n  aggregates  used i n  t h e  respec- 

t i v e  p r o j e c t s .  

3.1.2. Asphalt  Cements 

Two a s p h a l t  cements, an AC-10 and a 200/300 pen. grade,  provided 

by Koch Refinery,  Algona, were used i n  t h e  s tudy.  

3.2. Program of T e s t i n g  

I n  o rde r  t o  eva lua te  t h e  foamed a s p h a l t  mixtures  f o r  a range of 

m a t e r i a l  combinations us ing  d i f f e r e n t  compaction and t e s t i n g  methods under 

d i f f e r e n t  condi t ions ,  and t o  o b t a i n  r e s u l t s  t h a t  can be used t o  compare 

with Professor  Csanyi 's  work, t h e  fol lowing s e r i e s  of experiments were 

conducted. 

3.2.1. A S e r i e s  (AC-10): 

I n  t h i s  s e r i e s  12 aggregate and aggregate  blends were combined wi th  

foamed aspha l t  AC-10 a t  ranges of a spha l t  contents .  Standard Marshal l  

specimens were molded and t e s t e d  f o r  s t a b i l i t y ,  flow, voids ,  and 24 h r  

immersion s t a b i l i t y .  Hubbard-Field p r o p e r t i e s  were evaluated on t h e  s i x  

f i n e  m a t e r i a l  combinations a t  about 4% foamed a s p h a l t  content .  Hveem 

specimens f o r  t h e  n ine  major aggregates  a t  about 4% foamed a s p h a l t  content  

were compacted by kneading compactor and t e s t e d  f o r  Hveem s t a b i l i t y .  The 

same n ine  foamed aspha l t  mixes were a l s o  t e s t e d  f o r  c ,  Q1 and deformation 

modulus us ing  t h e  r e c e n t l y  developed Iowa K-test device  (15) .  To compare - 

with  h o t  mixes and emulsion mixes, Marshall  specimens were prepared and 

t e s t e d  a t  4% a s p h a l t  content  of hot  mixes us ing  AC-10 and at  4% res idue  

content  of emulsion mixes us ing  CSS-lh. 



3.2.2. P S e r i e s  (2001300 pen.) 

I n  t h i s  s e r i e s  s i x  aggregates  and aggregate  blends were mixed wi th  

foamed a s p h a l t  us ing  2001300 pen. a s p h a l t  cement a t  ranges of a spha l t  con- 

t e n t s .  Marshal l  specimens were molded, cured and t e s t e d  f o r  s t a b i l i t y ,  

flow and voids  p r o p e r t i e s .  Hot mixes were made us ing  s e l e c t e d  aggregates  

a t  4% a s p h a l t  and t e s t e d  f o r  Marshal l  p rope r t i e s .  

3.2.3. Spec ia l  S tudies  

Severa l  s e r i e s  of foamed mixes were made on s e l e c t e d  aggregate-asphal t  

combinations t o  eva lua te  p r o p e r t i e s  r e l e v a n t  t o  t h e  use  of foamed a s p h a l t  

a s  base  ma te r i a l  but  n o t  included i n  conventional a s p h a l t  mix des ign ,  and 

t o  eva lua te  f a c t o r s  considered important  t o  foamed a s p h a l t  product ion and 

con t ro l .  

(1) E f f e c t  of  Mixing Moisture Content: Foamed a s p h a l t  mixes a t  about 

4% were prepared a t  ranges of prewet mixing moisture content  from 

near  zero t o  100% of optimum moisture content  by AASHTO T99 on 

four  aggregates  us ing  200/300 pen a spha l t .  Standard Marshal l  

p r o p e r t i e s  were determined. 

(2) E f f e c t  of Curing Condit ions:  Foamed mixes were prepared a t  about 

4% a s p h a l t  content  us ing  B-3 blow sand. Marshal l  specimens were 

prepared and t e s t e d  a f t e r  being cured a t  two d i f f e r e n t  tem-  

p e r a t u r e s ,  both i n  and out  of  molds, f o r  d i f f e r e n t  per iods  of 

t ime and t e s t e d  f o r  cured moisture content  and Marshal l  s t a b i l i t y -  

voids  propert2es.  

(3) E f f e c t  of  Foam Half-Life  and Foam Ratio:  Foamed mixes were pre- 

pared a t  about  4% a s p h a l t  cement 200/300 pen us ing  B-3 blow sand. 



Foam h a l f - l i f e  was var ied  from 11 t o  136 s e c  and foam r a t i o  was 

v a r i e d  from 5 t o  20. Standard Marshal l  specimens were molded, 

cured and t e s t e d  f o r  s tandard s t a b i l i t y  and voids ,  24 h r  im- 

mersion ( a t  140°F) s t a b i l i t y  and absorpt ion .  

(4) CBR of Foamed Mixes: Foamed a s p h a l t  mixes a t  0 and 4% a s p h a l t  

were prepared a t  s e v e r a l  mixing moisture contents  and compacted 

t o  s tandard  p roc to r  dens i ty  and cured a t  140°F i n  molds f o r  0 ,  3 

and 7 days. CBR and swe l l  were determined. 

(5) Freezing and Thawing Resis tance of Foamed Mixes: Pa i red  h o t  

and foamed mixes us ing  C-1,  B-6 and B-8 aggregates  a t  4% as-  

p h a l t  were prepared. Marshall  specimens were molded and cured 

( i n  t h e  case  of  foamed mixes). The specimens were then sub- 

j ec t ed  t o  ASTM C666 Freezing i n  A i r  - Thawing i n  Water cyc le s .  

The specimens were removed from t h e  freezing-thawing chamber 

and t e s t e d  f o r  r e t a i n e d  Marshall  s t a b i l i t y .  

(6) E f f e c t  of Lime and Port land Cement Treatments of Foamed Mixes: 

Because of r e l a t i v e l y  low Marshall  immersion (25 h r  a t  140°F) 

s t a b i l i t y  from da ta  obtained during t h e  e a r l i e r  p a r t  of t h i s  

p r o j e c t ,  a s e r i e s  of foamed mixes was prepared i n  which aggre- 

g a t e s  (B-4 and B-7) were t r e a t e d  wi th  2% of hydrated l i m e  and 

and por t land  cement. Marshall  specimens were molded, cured and 

t e s t e d  f o r  immersion s t a b i l i t y  f o r  p o s s i b l e  improvement due t o  

these  t rea tments .  

(7) Cold Mix Recycling: Two salvaged a s p h a l t  pavement m a t e r i a l s  

were blended wi th  des i r ed  percents  of v i r g i n  aggregates .  Foamed 



mixes were prepared a t  ranges of mois ture  and a s p h a l t  content  

and compared wi th  hot  recycled mixtures  i n  terms of Marshal l  

p r o p e r t i e s .  

3 . 3 .  Methods and Procedures 

3.3.1. Aggregates and S o i l s  

Aggregates and s o i l s  of t h e  e i g h t  b a s i c  m a t e r i a l s  were t e s t e d  f o r  

g rada t ion ,  At te rberg  l i m i t s ,  s p e c i f i c  g r a v i t y  and maximum dens i ty  and 

optimum moisture content  according t o  Standard AASHTO T99 procedure. 

3.3.2. Asphalt  Cements 

Asphalt  cements were t e s t e d  f o r  pene t r a t ion ,  s p e c i f i c  g r a v i t y  and 

v i s c o s i t y  a t  140°F and 275'F. 

3.3.3. Foamed Asphalt  Production: 

Foamed a s p h a l t  was produced by a  foaming u n i t  b u i l t  by Conoco, 

Inc.  and loaned t o  Iowa S t a t e  Univesi ty.  Foaming condi t ions  were 

ad jus ted  t o  produce a  foamed a s p h a l t  w i th  a  foam r a t i o  ( r a t i o  of t h e  

volume of t h e  produced foam t o  t h e  volume of t h e  unfoamed a s p h a l t )  of 

10-15 and a h a l f - l i f e  (time needed f o r  t h e  foam t o  co l l apse  t o  h a l f  o f  

i ts  o r i g i n a l  volume) of 26-40 s e c  determined i n  a  one-gallon can. For 

t h e  two a s p h a l t  cements used i n  t h e  s tudy,  t h e  fol lowing foaming condi- 

t i o n s  were found necessary f o r  t h e  d e s i r e d  foam q u a l i t y :  

a s p h a l t  temperature: 315 t o  325OF 

e water  pressure :  45 p s i  

foaming water  content :  1 .5 t o  2.0% by volume of a s p h a l t  



a i r  pressure:  26 p s i  

anti-foam counter  agent AN480: 0.4 t o  0.7% by w t .  of  a s p h a l t  

3.3.4. Foamed Mix P repa ra t ion  

Three t o  f i v e  ba tches  of foamed a s p h a l t  mixes were prepared f o r  each 

aggregate  (o r  s o i l  aggregate blend) and a s p h a l t  cement combinations a t  a 

range of a s p h a l t  content  (3-6%) a f t e r  the  moisture content  of aggregate  

was ad jus t ed  t o  about 70% of optimum moisture content  as determined by 

AASHTO T99. The mixes, 3500-5000 g per ba tch ,  were prepared i n  a 113 cu 

f t  mixing bowl i n  a C l O O  Hobart p l ane ta ry  mixer. The moist  aggregate  

a t  room temperature was mixed whi le  t h e  foamed a s p h a l t  was being i n t r o -  

duced. Mixing was accomplished by mechanical mixing f o r  two minutes 

followed by hand mixing f o r  one minute. The requi red  a s p h a l t  was added 

through a c a l i b r a t e d  t imer.  The a c t u a l  a s p h a l t  content  i n  t h e  mix was 

determined by weight d i f f e r e n c e  of t h e  mixing bowl p lus  content  be fo re  

and a f t e r  a spha l t  add i t ion .  Moisture content  sample of t h e  mix was taken 

immediately a f t e r  mixing. The t e s t  specimens (Marshall ,  Hveem, Hubbard- 

F ie ld ,  CBR, Iowa K-test ,  e t c . )  were molded e i t h e r  fol lowing mixing o r  t h e  

fol lowing day. I n  the  l a t t e r  case ,  the  mix was sea l ed  wi th  Saran Wrap and 

aluminum f o i l  t o  prevent  l o s s  of moisture.  Except f o r  s e r i e s  cured under 

s p e c i a l  condi t ions ,  a l l  specimens were compacted a t  room temperature,  extruded 

from t h e  molds and cured a t  140°F f o r  t h r e e  days before  tests were per- 

formed. 

3.3.5. Sample Compaction and T e s t i n g  

Marshall  specimens f o r  a l l  foamed mixes were compacted and t e s t e d  

fol lowing ASTM Dl559 except  t h a t  a mechanical compactor was used t o  compact 50 



blows per s i d e  a t  room temperature and foamed mixes were t e s t e d  a f t e r  

0 
three-days '  cur ing  a t  140 F using an automatic recording  Marshal l  tester. 

Marshall  immersion t e s t s  were performed on some s e r i e s  a f t e r  t h e  cured 

specimens were immersed i n  water  a t  140°F f o r  24 h r s .  

Hubbard-Field foam mix specimens of 2 i n .  i n  diamter  by 1 i n .  h igh  

were compacted a t  room temperature and cured, then t e s t e d  a t  77OF d ry ,  a f t e r  

one hour i n  an oven a t  140°F and a f t e r  one hour i n  water  a t  140°F follow- 

i n g  The Asphalt  I n s t i t u t e  procedure (2). 

Hveem specimens i n  a l l  foamed mixes were compacted a t  room temper- 

a t u r e  us ing  a kneading compactor, cured and t e s t e d  a t  140°F fol lowing 

ASTM Dl561 and D1560, except  t h a t  cohesion was not  determined. 

CBR t e s t s  f o r  foamed mixes were performed on specimens molded 

according t o  s tandard  AASHTO T99 compaction e f f o r t  ( f i v e  l a y e r s ,  12 

blows per  l a y e r  us ing  a 10 l b  hammer) and a f t e r  specimens were cured 

a t  140°F while  i n  t h e  mold. 

The Iowa K-test was performed on foamed mixes compacted a t  room 

temperature t o  s tandard  Proc tor  sample s i z e  of 0.03 cu f t  fol lowing 

AASHTO T99 compaction, cured a t  140°F f o r  t h r e e  days,  and t e s t e d  a t  

room temperature according t o  t h e  procedure descr ibed  by Handy e t  a l .  

(15). I n  t h i s  t e s t  t h e  specimens were subjec ted  t o  v e r t i c a l  compression 

a t  a r a t e  of 0.05 i n .  per  min while  confined i n  a s p l i t  s t e e l  mold t h e  

s i z e  of t h e  s tandard  Proc tor  specimen. The mold a c t s  a s  a s p r i n g ,  pro- 

v id ing  a continuous measure of l a t e r a l  s t r e s s .  From a p-q p l o t ,  undrained 

4 and c can be  obtained by means of l e a s t  squares r eg res s ion  a n a l y s i s  from 

a s i n g l e  sample. 



4. RESULTS AND DISCUSSION 

Th i r t een  aggregates  and aggregate blends p l u s  two recycled a s p h a l t  

pavement m a t e r i a l s  were evaluated i n  conjunct ion wi th  two a s p h a l t  cements 

f o r  foamed a s p h a l t  mixes. These were compared wi th  h o t  mixes and emul- 

s i o n  mixes a t  s e l e c t e d  m a t e r i a l  combinations and a s p h a l t  contents .  I n  

a l l  more than 500 specimens were t e s t e d  from approximately 150 ba tches  

of mixes. I n  t h e  fol lowing s e c t i o n s ,  t h e  r e s u l t s  of t hese  t e s t s  w i l l  be  

discussed.  

4.1. Ma te r i a l  C h a r a c t e r i s t i c s  

The g rada t ion ,  At te rberg  l i m i t s ,  s p e c i f i c  g r a v i t y ,  AASHTO T99 

dens i ty  and optimum moisture content  and AASHTO s o i l  c l a s s i f i c a t i o n  of 

t h e  e i g h t  major aggregates  a r e  given i n  Table 1. They ranged from non- 

p l a s t i c  A-1-b (B-2) t o  p l a s t i c  l o e s s  A-7-6 (B-1). The gradat ion  curves 

of these  aggregates  a r e  shown i n  Figs.  1-5. The phys ica l  p r o p e r t i e s  

of the  two a s p h a l t  cements a r e  given i n  Table 2. 

4.2. Foamed Mixes - S e r i e s  A (AC-10) 

More than 40 ba tches  of foamed mixes were made us ing  12 aggregates  

and aggregate  blends f o r  Marshall  specimens a t  ranges of a s p h a l t  con ten t .  

Addit ional  ba tches  a t  approximately 4% a s p h a l t  were made f o r  t h e  n ine  

major aggregates  f o r  Hubbard-Field, Hveem and Iowa K-tests. 

The gene ra l  appearance and c h a r a c t e r i s t i c s  of  foam and foamed as- 

p h a l t  s t a b i l i z e d  cold  mixes us ing  t h e  w a t e r f a i r  foaming u n i t  were not  
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Table 2. Properties of Asphalt Cements 

A.C. Grade 200-300 pen. 
(P) 

A.C. 10 
(A)  

Penetration @ 77'~ 2 17 84 

Viscosity @ 

Sp. Gr. 1.001 1.026 



unl ike  t h a t  produced by Csanyi 's  steam foaming process ,  except  t h a t  

t h e r e  was no record t o  sugges t  t h a t  Professor  Csanyi had encountered 

any a s p h a l t  cement t h a t  could not  be foamed by proper  s e l e c t i o n  and 

adjustment of nozzle and a t  proper steam and a s p h a l t  p re s su res .  Some 

of t h e  s a l i e n t  f e a t u r e s  of foamed mixes produced by e i t h e r  process a r e :  

a Some moisture content  (50-100% of optimum by AASHTO T99) i s  

requi red  i n  t h e  aggregate  be fo re  the  a d d i t i o n  of foamed as- 

p h a l t  f o r  uniform d i s t r i b u t i o n  of a s p h a l t  and coa t ing  of  t h e  

a g g r e g a t e l s o i l  p a r t i c l e s .  

e Large aggregate  p a r t i c l e s  over 114 i n .  a r e  seldom coated.  

a Foamed a s p h a l t  cold mixes r i g h t  a f t e r  a s p h a l t  a d d i t i o n  a r e  

l i g h t  i n  c o l o r  w i th  no v i s i b l e  a s p h a l t ,  no t  un l ike  c l ean ,  moist 

aggregates .  However, a few minutes a f t e r  mixing and com- 

pac t ion  t h e  mixes darken and wi th in  a few days a l l  f i n e  

p a r t i c l e s  a r e  coated.  

Test  r e s u l t s  f o r  foamed mixes us ing  AC-10 a s p h a l t  cement and Marshall  

procedures a r e  given i n  Table 3. The r e s u l t s  of Hveem, Hubbard-Field and 

Iowa K-Tests of foamed mixes a t  approximately 4% AC-10 a r e  given i n  Table 

4. The mixes were a l l  prepared a t  ambient temperatures .  The mixing and 

compaction moisture contents  were approximately 70% of optimum mois ture  

content  determined by AASHTO T99. Several  f e a t u r e s  a r e  common t o  a l l  foamed 

mixes of a given s o i l  aggregate:  

e There is an optimum foamed a s p h a l t  content  f o r  s t a b i l i t y .  

e There is  a n  optimum a s p h a l t  content  f o r  compacted bulk  s p e c i f i c  

g r a v i t y  ( u n i t  weight ) .  
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Table 3 
(Continued). 

Marshall P
r
o
p
e
r
t
i
e
s
 o

f 
Foamed Asphalt Mixtures - Series A 

(AC-10) 

Aggregate 
B- 7 

B-8 
8-9 

8-10 
B-11 

C-1 
C-2 

Material 
1
0
%
 8
1
 

20% B1 
30% B

1
 
40% B1 

20% B
1
 

Story Co. 
Road 

Top 
Shelby Co. 

Road 
Top 

9
0
%
 B
6
 

80% 
B2 

70% 8
2
 
60%.B2 

80% 8
3
 
Material 

(Crushed 
stone) M

a
t
e
r
i
a
l
 
(Crushed stone) 

M
i
x
 No. 

F
A
3
B
7
 FA4B7 FA587 F

A
6
8
7
 
F
A
4
B
8
 F
A
5
8
8
 FA6B.3 F

A
7
B
8
 
FA4B9 

~
~

4
~

1
0

 
F
A
4
B
1
1
 
F
A
3
C
1
 FA4Cl F

A
S
C
l
 F
A
6
C
1
 
P
A
X
2
 F
A
4
C
2
 F
A
X
2
 FA6C2 

Asphalt Content, % 

Nixing m
.c., 

%
 

Cured 
m.c., 

b 

Marshall Stability, Ib 

F
l
o
w
,
 0.01 

in. 

Immersion Stability, lb 

F
L
O
W
,
 0.01 in. 

Bulk 
Sp. Cr. 

Unit Wt, 
pcl 

Air Voids, % 

VM
A, 

96 
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o A t  optimum a s p h a l t  content ,  a l l  aggregates  except  C-1 produced 

foamed mixes o f  e x c e l l e n t  s tandard  Marshal l  s t a b i l i t y  (140°F 

wet) .  

0 Marshall  flow va lues  were not  a f f e c t e d  s i g n i f i c a n t l y  o r  con- 

s i s t e n t l y  by a s p h a l t  a d d i t i o n ,  i n  c o n t r a s t  with hot  mixes. 

a The bulk s p e c i f i c  g r a v i t i e s  of compacted foamed mixes were gen- 

e r a l l y  low. 

0 The a i r  voids  of compacted mixes determined on t h e  b a s i s  of 

c a l c u l a t e d  maximum s p e c i f i c  g r a v i t i e s  of mixes (from percent  and 

bulk s p e c i f i c  g r a v i t y  of aggregate,  and percent  and s p e c i f i c  

g r a v i t y  of a s p h a l t  cement) and t h e  measured bulk s p e c i f i c  g r a v i t y  

of compacted mixes % e r e  h igher  than  u s u a l l y  encountered i n  dense- 

graded h o t  mixes. 

0 Voids i n  t h e  mineral  aggregate (VMA) of compacted foamed mixes, 

computed from bulk  volumes of aggregates  i n  t h e  mixes, were a l s o  

high.  

a immersior. Marshall  s t a b i l i t y  va lues  ( a f t e r  24 h r  i n  water  a t  

140°F) f o r  most of t h e  foamed mixes were low. While t h i s  t e s t  

msy Le u n r e ~ l i s t i c a l l y  severe  f o r  eva lua t ion  of s t a b i l i z e d  foam 

mixes, t h e  r e s u l t s  do suggest  t h e  need t o  eva lua te  water  suscep- 

t i b i l i t y  of foamed mixes. 

The fol lowing d i scuss ions  d e a l  i n d i v i d u a l l y  wi th  t h e  c h a r a c t e r i s t i c s  

of foamed a s p h a l t  mixes of t h e  va r ious  marginal o r  ungraded so i l -aggregates  

and t h e i r  blends.  

Loess (B-1): Fig. 6 shows the  e f f e c t  of adding 4.4 t o  9.5% foamed 
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F i g u r e  6 .  M a r s h a l l  p r o p e r t y  c u r v e s  of foamed a s p h a l t  mixes 
u s i n g  H - l  w i t h  AC-10. 



a s p h a l t  t o  t h i s  p l a s t i c  l o e s s  on Marshal l  p r o p e r t i e s .  Both s tandard 

s t a b i l i t y  and u n i t  weight peaked a t  about  7.3% of a s p h a l t .  Although 

t h e  foamed mix a t  t h i s  a spha l t  met s t a b i l i t y  and flow c r i t e r i a  f o r  h o t  

mix, t h e  specimens col lapsed upon immersion i n  water  a t  140°F f o r  1 h r  

Because of high c l ay  content  of t h e  s o i l ,  cured specimens showed h a i r -  

l i n e  cracks.  It  is doubt fu l  t h a t  t h i s  m a t e r i a l  can be e f f e c t i v e l y  

t r e a t e d  by foamed a s p h a l t  without  blending wi th  granular  m a t e r i a l s .  

Also due t o  t h e  high c lay  con ten t ,  t h e  compacted foamed mix a t  4% as- 

p h a l t  shrank t o  t h e  ex ten t  t h a t  t h e  K-test could not  be performed. 

P i t - run  Sand (B-2): Fig. 7 shows t h e  Marshall  p r o p e r t i e s  of t h i s  

m a t e r i a l  s t a b i l i z e d  wi th  foamed a s p h a l t  between 3 and 5%. Maximum s t a -  

b i l i t y  and u n i t  weight occurred a t  4% a s p h a l t .  However, flow va lues  

were low and e r r a t i c .  Hubbard-Field s t a b i l i t y  ( 1  h r  a t  140°F) a t  4.3% 

a s p h a l t  showed 1010 l b  and an abso rp t ion  va lue  of 0.4% (Table 4 ) .  A 

s i m i l a r  m a t e r i a l  considered t o  be s u i t a b l e  f o r  base cons t ruc t ion  o r  s e a l  

coated f o r  l i g h t l y  t r a v e l l e d  roads was repor ted  by Csanyi a s  a  road sand 

from Maine. The corresponding Hubbard-Field s t a b i l i t y  from Csanyi 's  

d a t a  was 420 l b  ( a t  5% A.C.). The mixing moisture content  of 7% was 

i d e n t i c a l  TO t h e  a m ~ m t  used f o r  B-2. The freeze-thaw r e s i s t a n c e  of 

Csanyi 's  road sand mix was considered e x c e l l e n t .  It  is  recommended t h a t  

B-2 be  considered a s  a  candidate  m a t e r i a l  f o r  t h e  Phase 2 f i e l d  t r i a l .  

Blends of Loess (B-1) and Pi t - run  Sand (B-2) : Csanyi ' s  tests and 

experiences showed, and have been v e r i f i e d  by new s t u d i e s  i n  A u s t r a l i a ,  

t h a t  blending of f i n e s  ( d i r t  o r  c l ay )  wi th  c l ean  sands improved t h e i r  

s t a b i l i t y .  To t e s t  t h i s ,  va r ious  pe rcen t s  of  l o e s s  (from 20 t o  40%) were 



0--* FOAM M I X ,  A C - 1 0  
0 HOT M I X ,  A C - 1 0  

3 4 5 6 7  3 4 5 6 7  
% AC BY WT. O F  AGG. % AC BY WT. O F  AGG. 

F i g u r e  7 .  M a r s h a l l  p r o p e r t y  c u r v e s  of Foamed a s p h a l t  
mixes us in^ R-2 w i t h  AC-10.  



blended with pi t -run sand and mixed wi th  foamed a s p h a l t .  Figure 8 shows 

t h e  Marshall  p r o p e r t i e s  of foamed mixes a t  4 t o  6% A.C. us ing  20% l o e s s  

and 80% sand (B-8). The r e s u l t s  were d r a s t i c a l l y  increased  u n i t  weights  

(about 10 l b ) ,  reduced voids  and improved flow va lues  a t  a l l  a s p h a l t  con- 

t e n t s .  The s t a b i l i t i e s  (both s tandard  and immersion) were t r i p l e d  a t  a l l  

a s p h a l t  contents  (Table 3 ) .  

Marshall  s t a b i l i t i e s  of foamed mixes at 4% a s p h a l t  were p l o t t e d  

a g a i n s t  blending r a t i o  i n  Fig.  9 .  Although a s  much a s  40% l o e s s  could be  

blended with sand t o  produce acceptable  mix (B-lo), t h e  optimum r a t i o  f o r  

s t a b i l i t y  appears  t o  be 20% l o e s s  and 80% sand (B-8). A t  20% l o e s s  t h e  

percent  passing No. 200 s i e v e  was about 24%; a t  40% l o e s s  t h e  percent  pass- 

i n g  No. 200 s i e v e  was 43%. 

A foamed a s p h a l t  s t a b i l i z e d  p l a n t  mix us ing  m a t e r i a l s  s i m i l a r  t o  B-8 

was t e s t e d  by Csanyi i n  1956 (10) - on a pavement ca r ry ing  400 c a r s  per day. 

The s o i l  mixture was a blend of 75% f i n e  sand and 25% l o e s s .  S i x  percent  

foamed a s p h a l t  (150f200 pen.) was added t o  t h e  moist  (8% water )  s o i l .  The 

ma te r i a l  spread  smoothly and compacted r e a d i l y .  A s i n g l e  s e a l  coa t  was 

added t o  prevent  s u r f a ~ e  scu f f ing .  The t e s t  a r ea  received a second s i n g l e  

s e a l  a year  l a t e r  and performed e x c e l l e n t l y  f o r  more than t h r e e  yea r s .  

It  i s  i n t e r e s t i n g  t o  no te  t h a t  Csanyi t s  l oes s f sand  mix a t  6% foamed 

a s p h a l t  had Marshall  s t a b i l i t y  of 1100 l b  compared t o  about  3000 l b  f o r  B-8; 

Csanyi 's  mix had a s tandard  Hubbard-Field s t a b i l i t y  of  600-650 l b  compared 

t o  B-8 a t  4% A.C. of about 2000 l b .  Also t o  be  noted is  t h a t  Csanyi had 

repor ted  "good" f r eez ing  and thawing r e s i s t a n c e  based on l abora to ry  s tudy 

and f i e l d  observa t ion .  

The Hubbard-Field and Hveem s t a b i l i t i e s  of  loess-sand blend a t  1:4 
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Figure 8. Marshall property curves of foamed asphalt 
mixes u s i n g  B-8. 
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r a t i o  (B-8) and a t  4% foamed a s p h a l t  a r e  given i n  Table 4. The Hubbard- 
! 

Fie ld  s t a b i l i t y  of 1967 l b  and Hveem s t a b i l i t y  of 31 met both des ign  

c r i t e r i a  f o r  h o t  mix base  and l i g h t  t r a f f i c  su r face  course. 1 
Poweshiek Co. Blow Sand (B-3) and i ts  Blend (B-11): Figure 10  

shows Marshall  p r o p e r t i e s  of B-3 mixes a t  3-6% foamed a s p h a l t  f o r  both  

AC-10 and 200/300 pen. a s p h a l t  cements. The curves show t rends  q u i t e  I 

d i f f e r e n t  from what one would expect  from hot  mixes, e s p e c i a l l y  t h e  

s e r i e s  wi th  AC-10 a s p h a l t .  These unusual behaviors  were r e f l e c t e d  i n  
1 

the  compacted d e n s i t i e s .  The Hubbard-Field and Hveem s t a b i l i t i e s  were 1 
1 

a l s o  low. To meet Marshall  design c r i t e r i a  w i th  r e spec t  t o  s t a b i l i t y  
I 

and flow, 5.5% AC-10 is requ i red .  The a d d i t i o n  of l oes s  (B-11) f u r t h e r  I 

reduced t h e  s t a b i l i t y ,  a s  shown i n  Fig.  11. Several  f i n e  sands could be 

found i n  Csanyi 's  r e p o r t  t h a t  were s i m i l a r  t o  B-3 except t h a t  they contained 
I 

5-10% less pass ing  No. 200 s i eve .  A Minnesota sand produced foamed mixes i 
a t  4-6% a s p h a l t  w i th  Hubbard-Field s t a b i l i t y  i n  t h e  range of 170-630 l b  

t e s t e d  a t  140°F wet, a s  compared t o  360 l b  obtained from 8-3 (Table 4) .  1 
However, t h e  foamed a s p h a l t  mixes us ing  Minnesota sand r e s i s t e d  12 cyc le s  I 

I 
of f r e e z i n g  and thawing, and were considered by Csanyi a s  s u i t a b l e  f o r  

base  cons t ruc t ion  (10).  - I 
P i t - run  Gravel (B-4): Figure 12 shows the  Marshall  p r o p e r t i e s  of I 

foamed mixes us ing  the  p i t - run  g rave l  wi th  AC-10 a t  3-6% range. Both 

s t a b i l i t y  and u n i t  weight peaked a t  4% a s p h a l t .  Flow values  were low and I 
no t  much inf luenced by a s p h a l t  con ten t  change. Marshall  s t a b i l i t y  of 

1400 l b  and Hveem s t a b i l i t y  of 39 m e t  s t a b i l i t y  requirements f o r  hot  mixes. 
I 
I 
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F i g u r e  L O .  Marsha l l  p r o p e r t y  c u r v e s  o f  foamed a s p h a l t  
mixes  u s i n g  R-3. 
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Figure  12 .  M a r s h a l l  p r o p e r t y  c u r v e s  of foamed a s p h a l t  
mixes 8-4 with AC-10.  



Although a number of t e s t s  were conducted by Csanyi (10, - 13) on us ing  

l o c a l  ungraded aggregates  i n  foamed a s p h a l t  cold mixes, only two aggre- 

g a t e s  were somewhat comparable t o  B-4. They were a S a l t  River g rave l  

and a vo lcan ic  a sh  from Arizona. A t  4-5% of 125 pen. foamed a s p h a l t ,  

t hese  mixes had Hveem s t a b i l i t y  of 23-33. They were l a i d  a s  su r face  

course on a l i g h t l y  t r a v e l l e d  road i n  Maricopa County, Arizona, i n  

1960. I n i t i a l  performance of t h e  two-inch su r fac ing  was "funct ioning 

s a t i s f a c t o r i l y  under t r a f f i c . "  There is no record of long term per- 

formance. 

Limestone Crusher Waste (B-5): F igure  13  shows Marshall  p r o p e r t i e s  

of foamed mixes us ing  a c rushe r  waste ma te r i a l  from Black Hawk Co. a t  

4-7% aspha l t .  This  m a t e r i a l  produced foamed mixes of h igh  s t a b i l i t y  

(1400-2800 1b)  and low but  acceptable  flow value  of 8. A t  4.4% a s p h a l t  

t h e  foamed mix had a Hubbard-Field s t a b i l i t y  of 1300 l b  and Hveem s t a -  

b i l i t y  of 62. 1 
Csanyi repor ted  t e s t  r e s u l t s  of only two crusher  waste  m a t e r i a l s  

f o r  a d a p t a b i l i t y  t o  s t a b i l i z a t i o n  by t h e  foamed a s p h a l t  process  (2) The 
I 

two m a t e r i a l s  were i d e n t i f i e d  a s  c rusher  waste  and s tone  dus t  from Maine. I 
The s tone  dus t  was somewhat l i k e  B-5 except f o r  having 9% pass No. 200 

s i e v e  while  29X of B-5 ~ a ~ ~ e d  through. The Maine crusher  waste was a much i 
c o a r s e r  m a t e r i a l  than B-5. A t  6% foamed a s p h a l t  t h e  s tone  dus t  had a I 
Hubbard-Field s t a b i l i t y  (140°F, wet) of 840 l b  compared t o  1300 l b  f o r  

B-5. The Maine crusher  waste  had a Marshall  s t a b i l i t y  a t  140°F of 470 

l b  compared t o  2500 l b  f o r  B-5 a t  4% a s p h a l t .  Both of t h e  Maine m a t e r i a l s  

were considered s u i t a b l e  f o r  base cons t ruc t ion  by t h e  foamed a s p h a l t  pro- / 
cess  . 1 

I 
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F i g u r e  1 3 .  M a r s h a l l  p r o p e r t y  ' u r v e s  of foamed aspllalt 
mixes u s i n g  c r u s h e r  waste ( B - 5 ) .  



Blend of Shelby Co. Blow Sand (90%) and Loess (10%) - B-7: Figure 

14 shows t h e  Marshal l  p r o p e r t i e s  of foamed mixes us ing  s o i l  mixture B-7 

with a spha l t  content  i n  t h e  3-7% range. The changes i n  phys ica l  p r o p e r t i e s  due 

t o  inc rease  i n  a spha l t  content  were much l i k e  hot  mixes except f o r  flow 

value. A t  4.5% a s p h a l t  t h i s  mix w i l l  meet both  s t a b i l i t y  and flow c r i t e -  

r i a  f o r  hot  mixes. 

Among many sands t e s t e d  by Csanyi perhaps a  r i v e r  sand from Minne- 

s o t a  and a  beach sand from South Carol ina were most s i m i l a r  t o  B-7 ex- 

cept  f o r  pass ing  No. 200 s i e v e  s i z e .  B-7 of t h i s  s tudy contained 11% 

passing No. 200 s i e v e  whereas t h e  o the r  two m a t e r i a l s  contained 4-7% 

passing No. 200 s i e v e .  A t  5% foamed aspha l t  t h e  Minnesota sand and t h e  

South Carol ina beach sand had s tandard  Hubbard-Field s t a b i l i t i e s  of 440 l b  

and 600 l b  r e s p e c t i v e l y ;  a t  s i m i l a r  aspha1,t and mixing moisture content  

B-7 had a  comparable s t a b i l i t y  of 520 l b .  

One f i e l d  p r o j e c t  worth mentioning he re  when eva lua t ing  t h e  blend 

of l o e s s  and blow sand f o r  s o i l  s t a b i l i z a t i o n  us ing  foamed a s p h a l t  pro- 

cess  was t h a t  of s t a b i l i z a t i o n  of s i x  a c r e s  of s i x  inches base f o r  a  

parking l o t  i n  Sioux C i ty ,  Iowa i n  1959 (10).  - I n  t h i s  p r o j e c t  in-place 

l o e s s  (almost i d e n t i c a l  t o  B-1) was blended wi th  33% l o c a l l y  a v a i l a b l e  

r i v e r  sand (almost i d e n t i c a l  t o  B-6). The blend was s t a b i l i z e d  wi th  6% 

foamed a s p h a l t .  The s t a b i l i z e d  mix gave a  s tandard  Hubbard-Field s t a b i l -  

i t y  of 400 1b and s a t i s f a c t o r y  r e s i s t a n c e  t o  f r eez ing  and thawing. 

Observations a f t e r  one severe  win te r  i nd ica t ed  t h a t  t h e  parking a r e a  was 

i n  e x c e l l e n t  condi t ion .  Of s p e c i a l  i n t e r e s t  is t h a t  t h e  blended m a t e r i a l  

i n  t h i s  p r o j e c t  contained about 65% passing t h e  No. 200 s i eve .  



0---a FOAM M I X  
HOT M I X  

% AC BY WT. O F  AGG. % AC BY WT. O F  AGG. 

F i g u r e  1 4 .  M a r s h a l l  p r o p e r t y  c u r v e s  of foamed a s p h a l t  
mixes u s i n g  90% blow sand (B-6) b lended  
w i t h  102 l o e s s  ( R - 1 )  w i t h  AC-10. 



Story Co. Road Surface Mate r i a l  (C-1): Figure 15 shows t h e  Marshal l  

p r o p e r t i e s  of t h i s  ma te r i a l  a t  3-6% foamed aspha l t .  Both s t a b i l i t y  and 

u n i t  weight peaked a t  5% a s p h a l t  cement. A t  t h i s  a s p h a l t  content  Marshal l  

s t a b i l i t y  was 500 l b  and flow was 21. Marshal l  specimens a t  a l l  a s p h a l t  

con ten t s  co l lapsed  a f t e r  immersion i n  water  a t  140°F f o r  24 h r s .  Although 

t h e  immersion condi t ion  used may be too seve re  f o r  s t a b i l i z e d  m a t e r i a l ,  

i t  does cause concern over  t h e  water  s u s c e p t i b i l i t y  of foamed mixes us ing  

t h i s  m a t e r i a l .  

One job us ing  m a t e r i a l  s i m i l a r  t o  C-1 involved the  s t a b i l i z a t i o n  of 

an o l d  county g r a v e l  road i n  Story Co., Iowa i n  1957 (10).  S o i l s  i n  t h e  - 
top s i x  inches  of ma te r i a l s  t o  be processed were predominantly A-6 (5) 

wi th  p l a s t i c i t y  index of about 14 ,  much l i k e  C - l .  Five percent  of foamed 

a s p h a l t  was added t o  t h e  m a t e r i a l  conta in ing  9% moisture.  Tes t s  performed 

on t h e  co res  taken from t h e  four  inch  compacted base  showed Marshal l  s t a -  

b i l i t y  of 420 l b ,  about what was obtained on t h e  C-1 mix a t  t h e  same as- 

p h a l t  content .  The s t a b i l i z e d  base was sur faced  with a sand s e a l  and 

gave e x c e l l e n t  s e r v i c e  f o r  fou r  years .  

Shelby Co. Road Surface Mate r i a l  (C-2): Figure 16 shows t h e  Marshal l  

p r o p e r t i e s  of foamed mixes us ing  t h i s  ma te r i a l  a t  a s p h a l t  con ten t s  i n  t h e  

3-6% range. The curves show t r ends  s i m i l a r  t o  hot  mixes. A t  4% foamed 

a s p h a l t  t h e  mix y ie lded  an e x c e l l e n t  s t a b i l i t y  of 2900 l b  and flow of 9 ,  

both meeting s tandard  c r i t e r i a  f o r  hot  mix. The mix a l s o  showed e x c e l l e n t  

r s i s t a n c e  t o  water  damage wi th  an immersion s t a b i l i t y  of 490 l b .  

Considering t h e  e x c e l l e n t  performance of a foamed mix of much lower 

s t a b i l i t y  similar t o  C-1 mixes, t h e  test r e s u l t s  on C-2 mixes sugges t  t h a t  

t h i s  m a t e r i a l ,  when s t a b i l i z e d  wi th  foamed a s p h a l t ,  should perform we l l  
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Figure 15. Marshall properties of foamed asphalt mixes using 
Story Co. road surface material (C-1) with AC-10. 
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I! 
I;igure 1.6. M a r s h a l l  p r o p e r t i e s  o f  foamed a s p h a l t .  m i x e s  u s i n g  1 

S11elhy C o .  r o a d  s u r f n r e  m a t e r i a l  (C-2)  w i t h  AC-10. 
i i: 



a s  heavi ly  t r a v e l l e d  base ,  a s  county road su r face  with a  l i g h t  app l i -  

ca t ion  of s e a l  coa t  o r ,  poss ib ly  a s  county road su r face  a f t e r  t h e  

coarse  p a r t i c l e s  over  three- four ths  inch  i n  s i z e  were removed. 

Based on Mohr theory of t h e  s t r e n g t h  of a  confined specimen, bo th  

Metcalf (17) - and McLeod (16) - derived equat ions  f o r  c a l c u l a t i o n  of bear- 

i ng  s t r e n g t h  of paving mixtures  us ing  d i f f e r e n t  approximations concern- 

ing  t h e  conf in ing  p res su re  i n  t h e  pavement system. According t o  Metca l f ,  

the  bear ing  capac i ty  of a  paving mixture can be r e l a t e d  t o  Marshal l  s t a -  

b i l i t y  and flow by t h e  fol lowing equat ion:  

Bearing capac i ty  ( p s i )  = 
s t a b i l i t y  120 - flow 

flow 
X 

100 

Using t h i s  equat ion ,  bearing c a p a c i t i e s  of foamed mixes i n  S e r i e s  A 

a t  approximately 4% AC-10 were c a l c u l a t e d  and a r e  a l s o  given i n  Table 4 .  

Bearing s t r e n g t h s  of t hese  mixes ranged from 0 f o r  B-1 and C-1  a f t e r  24 h r  

immersion a t  1 4 0 ' ~ ~  t o  720 p s i  f o r  B-8 a t  s tandard  Marshal l  condi t ion .  

To perform s a t i s f a c t o r i l y  a s  su r face  without  excess ive  p l a s t i c  de- 

formation, a  pavement mxiture should have a  minimum bea r ing  capaci ty  of 

100 p s i ,  t h e  maximum loading imposed by t ruck  t i r e s .  

Pavement performance d a t a  presented  by Metcalf seemed t o  support  

t h i s  bear ing  capac i ty  requirement a s  c a l c u l a t e d  from the  Marshal l  t e s t .  

According t o  t h i s  c r i t e r i o n ,  a l l  foamed mixes i n  Table 4 except  8-1, 

B-3 and C-1 would be s a t i s f a c t o r y  a s  su r face  mixes. 

Using c  and $ va lues ,  i t  is a l s o  p o s s i b l e  t o  c a l c u l a t e  bear ing  

s t r e n g t h  of paving mixture by t h e  fol lowing equat ion ,  der ived  by McLeod 

(16) : - 
1 + s in$  112 

Bearing s t r e n g t h  ( p s i )  = 2c ( 
2 

1 - s i n @  ) ( 1 - s i n @  - 0.2 cos$ ) 



i n  which: 

I$ = angle  of i n t e r n a l  f r i c t i o n  

c = cohesion, p s i  

Using t h i s  equat ion and va lues  determined from Iowa K- tes ts ,  bear ing  

s t r e n g t h s  of foamed mixes us ing  AC-10 were c a l c u l a t e d  and a r e  given i n  

Table 4 .  These va lues  ranged from 341 p s i  f o r  B-2 t o  2846 p s i  f o r  B-5 

when t e s t e d  a t  room temperature and dry.  Since suggested des ign  c r i t e r i a  

based on bear ing  capaci ty  a r e  r e f e r r i n g  t o  t e s t s  performed e i t h e r  a t  140°F 

o r  on s a t u r a t e d  and soaked samples, i t  is d i f f i c u l t  t o  e v a l u a t e  these  

bear ing  s t r e n g t h  va lues  o t h e r  than by showing t h e i r  r e l a t i v e  s t r e n g t h  and 

t h e  p o t e n t i a l  of Iowa K-test i n  eva lua t ing  s t a b i l i z e d  ma te r i a l s .  

However, the  c and 4 values  der ived  from K-tests  were p l o t t e d  on 

t h e  test eva lua t ion  c h a r t  provided by t h e  Smith t r i a x i a l  method (24). 

A l l  e i g h t  mixes l i s t e d  i n  Table 4 f e l l  i n  t h e  a rea  considered t o  be  s a t -  

i s f a c t o r y  mixes. It i s  t o  be  noted t h a t ,  based on t h e  Smith t r i a x i a l  method 

of mix des ign ,  t h e  specimens were t e s t e d  a t  75"F, approximately t h e  tem- 

pe ra tu re  a t  which t h e  Iowa K-tests  were conducted. 

4.3. Foamed Mixes - S e r i e s  P (200/300 pen.) 
1 

I 
The Marshall  p r o p e r t i e s  of foamed mixes us ing  200/300 pen. a s p h a l t  1 

cement a r e  given i n  Table 5. I n  genera l  these  p r o p e r t i e s  a r e  s i m i l a r  t o  i 
t hose  obtained from S e r i e s  A (AC-10). The fol lowing d i scuss ions  a r e  con- 

cerned wi th  cases  where more i n t e r e s t i n g  f e a t u r e s  a r e  noted. I '  

Poweshiek Co. Fine Sand (B-3): Marshall  p r o p e r t i e s  of t h i s  s e r i e s  ;I 
1 

of mixes a r e  shown i n  Fig.  10. Although flow values  were very low (lower 
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than corresponding mixes using AC-lo), the  Marshall  s t a b i l i t i e s  between 

3 t o  6% a s p h a l t  ranged from 670 l b  t o  860 l b ,  and a l l  met t h e  minimum of 

500 l b  required f o r  hot  mix. 

One foamed a s p h a l t  p r o j e c t  us ing  a  f i n e  sand almost i d e n t i c a l  t o  

B-3 involved t h e  base  s t a b i l i z a t i o n  of  90 a c r e s  of parking l o t  of t h e  

baseba l l  and f o o t b a l l  stadium i n  Minneapolis, Minnesota i n  t h e  s p r i n g  

of 1961. I n  t h i s  p r o j e c t  4.5% of  a  220 pen. foamed aspha l t  cement was 

added t o  t h e  f i n e  sand conta in ing  8% moisture. This  mix y ie lded  a  

Hubbard-Field s t a b i l i t y  of about 3500 l b  a t  140°F dry and a moisture absorp- 

t i o n  of l e s s  than 1.5%. Comparable mix a t  4.5% of  200/300 pen. foamed 

a s p h a l t  a l s o  a t  8% mixing moisture (Fig. 10) f o r  B-3 gave a  Marshal l  

s t a b i l i t y  of 750 l b .  Af ter  t h r e e  yea r s ,  t h e  parking l o t  required prac- 

t i c a l l y  no maintenance and had served e x c e l l e n t l y  (13).  It was noted - 

t h a t  dur ing  cons t ruc t ion  the  temperature seldom exceeded 55"F, and work 

continued d a i l y  even when temperatures were a s  low as 39'F and dur ing  

l i g h t  showers. 

Pi t -run Gravel (B-4): The Marshall  p r o p e r t i e s  of B-4 a t  4% 200/300 

a s p h a l t  were comparable t o  t h e  foamed mix a t  t h e  same a s p h a l t  content  

using AC-10, except  f o r  lower s t a b i l i t y .  

Limestone Crusher Waste (B-5): The Marshal l  p r o p e r t i e s  of foamed 

mixes us ing  B-5 and 200/300 pen. a spha l t  cement a r e  shown i n  Fig.  13.  

Both s t a b i l i t y  and u n i t  weight were h igher  than corresponding mixes us ing  

AC-10 and peaked a t  about 4% aspha l t .  Flow values  were lower than AC-10 

mixes and again ,  not  s i g n i f i c a n t l y  a f f e c t e d  by a s p h a l t  content .  



Shelby Co. Blow Sand (B-6): The optimum aspha l t  content  f o r  B-6 

us ing  foamed 2001300 pen. a spha l t  cement appeared t o  be  3% a s p h a l t .  The 

Marshall  s t a b i l i t y  a t  t h i s  a spha l t  content  was 520 l b ,  lower than t h e  

optimum when blended wi th  10% loess  (B-7) which y ie lded  s t a b i l i t y  of 1800 

l b  f o r  2001300 pen. foamed mix (Table 4) and 1400 l b  f o r  AC-10 foamed mix 

(Table 3) .  A l l  of t h e  foamed mixes us ing  B-6 had r a t h e r  low flow values .  

A number of foamed mixes using sands s i m i l a r  t o  B-6 ( e .g . ,  r i v e r  

sands from Sioux C i ty ,  Iowa and Minnesota, beach sand from South Carol ina ,  

a  sand from Alber ta ,  Canada) were t e s t e d  and judged by Csanyi (13) - a s  

s u i t a b l e  f o r  base  cons t ruc t ion  when used wi th  120-150 pen. foamed a s p h a l t .  

Blend of Pi t -run Sand (80%) and Loess (20%) - B-8: Figure 8 shows t h e  

Marshal l  p r o p e r t i e s  of foamed mixes usCng blended m a t e r i a l  B-8 and 2001300 

pen. a spha l t  cement. Property curves of foamed mixes u s i n s  2001300 pen. 

were mostly p a r a l l e l  t o  those p i n g  AC-10, except  s t a b i l i t y  and u n i t  weight 

va lues  were lower and flow values  were h igher .  The foamed mix a t  4% of 

2001300 pen. a s p h a l t  would have met t h e  Marshal l  s t a b i l i t y  and flow c r i t e r i a  

f o r  a s p h a l t  concre te .  

4.4. Hot vs  Foamed Mixes 

Eleven h o t  mixes us ing  both AC-10 and 200/300 pen. a s p h a l t  cements and 

two emulsion mixes us ing  a  CSS-lh were prepared a t  about 4% a s p h a l t  content  

and t e s t e d  f o r  Marshal l  p rope r t i e s .  The r e s u l t s  of t hese  a r e  given, togeth- 

e r  wi th  corresponding foamed mixes, i n  Table 6. The fol lowing can b e  ob- 

served: 
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c For s tandard Marshall  s t a b i l i t y ,  o u t  of eleven comparable mixes, 

f i v e  foamed mixes (B-2, B-6, B-7, B-8, C-2) had higher  s t a b i l -  

i t i e s  than corresponding hot  mixes; t h r e e  foamed mixes (B-1, 

B-3, B-4) had about t h e  same s t a b i l i t y  a s  corresponding h o t  

mixes and only one hot  mix (C-1) had h igher  s t a b i l i t y  va lue  than 

t h e  corresponding foamed mix. For t h e  c rusher  waste  (B-5), t h e  

h o t  mix had h igher  s t a b i l i t y  (3730 1b) than t h e  foamed mix made 

wi th  AC-10 (2400 l b )  bu t  lower than t h e  foamed mix made wi th  

200/300 pen. a s p h a l t  (4396 l b ) .  

c Comparing t h e  s i x  s e t s  of immersion s t a b i l i t y  d a t a ,  a l l  except  

one h o t  mix (C-2) had higher  immersion s t a b i l i t y  va lues  than  

corresponding foamed mixes. 

c Perhaps due t o  the  more in t ima te  mixing, b e t t e r  coa t ing  and 

harder  base  a s p h a l t  used i n  t h e  emulsion (CSS-lh), a l l  t h r e e  

emulsion mixes produced Marshall  specimens wi th  much h ighe r  den- 

s i t i e s  and s t a b i l i t i e s  than corresponding h o t  and foamed mixes. 



4 .5 .  E f f e c t  of Mixing Hois ture  Content 

Both P ro fes so r  Csanyi 's o r i g i n a l  work on foamed a s p h a l t  s o i l  s t a b i -  

l i z a t i o n  (10 -3 - 20) and r ecen t  s t u d i e s  i n  A u s t r a l i a  (2, 5, 18) showed t h e  

need f o r  mixing water  i n  t h e  so i l -aggregate  b e f o r e  t h e  a d d i t i o n  of foamed 

aspha l t .  I n  Csanyi 's  experiments t h i s  ranged from about 6 t o  10%. Con- 

cerning t h e  requi red  water  i n  t h e  s o i l  aggregate ,  Csanyi wrote (10): 

"The water  added t o  t h e  aggregate during mixing s o f t e n s  t h e  
clayey m a t e r i a l s  o r  heavy s o i l  f r a c t i o n s  s o  t h a t  t h e  agglomerations 
a r e  broken up and uniformly d i s t r i b u t e d  throughout t h e  mix. The 
water  a l s o  s e p a r a t e s  t h e  f i n e  p a r t i c l e s  and suspends them i n  a  l i q -  
uid medium, making channels of moisture through which t h e  foamed 
a s p h a l t  may p e n e t r a t e  t o  coa t  a l l  t h e  mineral  p a r t i c l e s .  The quan- 
t i t y  of water  is not  c r i t i c a l ,  bu t  s u f f i c i e n t  water  must be i n  t h e  
mix t o  make a s a t i s f a c t o r y  mixture. Excess moisture is undes i rable  
because i t  makes t h e  mix too  soupy and may reduce coa t ing  of t h e  
aggregates .  The proper  quan t i ty  of water  f o r  any mix may be read- 
i l y  determined by a  few t r i a l  batches."  

Csanyi d i d  not  suggest  methods t h a t  could be used t o  determine t h i s  

I t  s u f f i c i e n t  water"  o t h e r  than v i s u a l  examination of t h e  t r i a l  mixes ("in- 

s u f f i c i e n t  moisture means a  s p o t t y  mixture") ,  no r  d i d  he r e l a t e  t h i s  

moisture content  t o  t h e  optimum moisture con ten t .  From a v a i l a b l e  d a t a ,  

i t  i s  est imated t h a t  t h e  mixing moisture con ten t s  i n  h i s  mixes would have 

been i n  t h e  range of 60 t o  80% of optimum. 

Recent s t u d i e s  by Mobil O i l  of A u s t r a l i a  (18) - suggest  t h a t  t h e  o p t i -  

mum mixing water  content  should be t h e  " f l u f f  po in t , "  a  moisture content  

where t h e  s o i l  aggregate  has i ts  maximum bulk volume. This  is approximate- 

l y  70 t o  80% of optimum moisture content  a s  determined by AASHTO T99 (&, 

22). - 

Because of t h e  time l i m i t a t i o n  of t h e  l abora to ry  s tudy,  t h e  foamed 

mixes i n  t h e  two major s e r i e s  (Se r i e s  A and P) where the  major o b j e c t i v e  

was t o  eva lua te  p r o p e r t i e s  of the  foamed mixes a s  a f f e c t e d  by a s p h a l t  



content ,  a l l  mixes were prepared and compacted a t  about 70% of the  op t i -  

mum moisture con ten t .  I n  view of t h e  importance of mixing moisture con- 

t e n t  on t h e  p r o p e r t i e s  of foamed mixes, a s p e c i a l  s e r i e s  of mixes were 

prepared us ing  so i l -aggregates  B-3, B-4, B-5 and B-7 i n  combination wi th  

approximately 4% 2001300 pen. a s p h a l t  cement. 

I n  these  mixes foamed a s p h a l t  was added t o  aggregates  a t  ranges of 

moisture content  from near  zero t o  about 100% of optimum moisture con- 

t e n t .  Marshall  specimens were molded, cured a t  140°F f o r  t h r e e  days and 

t e s t e d .  The r e s u l t s  a r e  given i n  Table 7. The Marshall  s t a b i l i t y  

versus  mixing moisture content  curves a r e  shown i n  Fig. 17. A l l  curves 

resemble t h e  well-known Proctor  moisture dens i ty  curves.  For each aggre- 

g a t e  a s p h a l t  combination t h e r e  e x i s t e d  an optimum mixing moisture content  

f o r  maximum Marshall  s t a b i l i t y .  The optimum mixing water content  ranged 

from 6.5% f o r  B-4 (pi t -run g rave l )  t o  about 10.5% f o r  B-3 (pi t -run sand) ,  

corresponding t o  about 65 t o  85% of optimum moisture content  (AASHTO ~ 9 9 )  

f o r  each aggregate.  

Since t h e  optimum mixing moisture content  occurs  a t  65-85% of op t i -  

mum compaction moisture content ,  a ques t ion  a rose  a s  t o  t h e  d e s i r a b i l i t y  

of mixing a t  a moisture content  20-30% on t h e  dry s i d e  of optimum and adding 

more moisture t o  b r ing  the  mix t o  i t s  optimum f o r  compaction. To inves- 

t i g a t e  t h i s  ques t ion  a d d i t i o n a l  B-4 and B-7 foamed mixes were made a t  

mixing moisture contents  of about 70% of optimum. Water was then added 

t o  t h e  mixes br inging  t h e  t o t a l  moisture content  t o  about optimum. 

Marshall  specimens were compacted, cured and t e s t e d .  The r e s u l t s  showed 

t h a t  t h e  a d d i t i o n a l  mois ture ,  though r e s u l t i n g  i n  mixes a t  optimum compaction 

moisture con ten t ,  lowered t h e  s t a b i l i t y  va lues  below those  of t h e  
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1 
Figure 17. Effect of mixing moisture content on Marshall stability. 



mixes mixcd and c < ) a p ~ c t c d  ~ l t  70-80% or opt  in1u111 na)is turc contcnt  (Iron1 

about LOO0 l b  t o  380 l b  f o r  B-4; from 1900 l b  t o  1140 l b  f o r  8-7) and 

a l s o  below those  of t h e  equiva lent  mixes mixed and compacted a t  t h e  same 

l e v e l  of 100% optimum compaction moisture content  (720 l b  v s  380 l b  

f o r  B-4 and 1540 l b  v s  1140 l b  f o r  B-7). 

To i n v e s t i g a t e  t h e  e f f e c t  of a d d i t i o n a l  moisture a f t e r  foamed as- 

pha l t  is made on t h e  Marshall  p r o p e r t i e s  a t  extreme d ry  cond i t ions ,  a  

foamed mix a t  4% a s p h a l t  was prepared us ing  B-4 a t  n a t u r a l  moisture con- 

t e n t  of about 0.3%. The foamed mix was s p o t t y  i n  appearance. Addi t ional  

2.1% moisture was added t o  the foamed mix ( lowest  moisture content  t h a t  

could be  molded) making t o t a l  moisture content  of  about 30% of optimum 

determined by AASHTO T99. The r e s u l t e d  Marshal l  s t a b i l i t y  was 80 l b ,  

compared t o  560 l b  obtained from a s i m i l a r  foamed mix (B-4 a t  3.9% a s p h a l t )  

but  mixed and compacted a t  about t h e  same t o t a l  moisture content  of about 

30% optimum. 

To f u r t h e r  analyze the  r e l a t i v e  e f f e c t  of moisture content  and as- 

pha l t  content  on Marshal l  s t a b i l i t y  of specimens molded and cured under 

i d e n t i c a l  cond i t ions ,  a polynomial r eg res s ion  a n a l y s i s  was performed 

us ing  a l l  da t a  obtained from B-4 and 200/300 pen. a s p h a l t  combinations. 

The equat ion of r eg res s ion  obtained was: 

2 2 S = -4792 + 803M - 34M + 1070A - 89A - 42M - A 

where: S = Marshal l  s t a b i l i t y ,  l b  

M = mixing moisture con ten t ,  % by w t  of dry aggregate 

A = foamed a s p h a l t  con ten t ,  % by w t  of dry aggregate .  

While t h e  mul t ip l e  c o r r e l a t i o n  c o e f f i c i e n t  (R = 0.870) i n d i c a t e s  a  l e s s  



than best fit, the relative effect of moisture content versus asphalt 

content on Marshall stability can nevertheless be inferred. That is, 

the mixing moisture content is more important in a foamed mix than 

asphalt content as far as stability is concerned. 

To summarize, data from the this series of tests appear to indicate: 

e Mixing moisture content is extremely important in determining 

the physical properties of a foamed asphalt stabilized mix. 

e The optimum mixing moisture content of a stabilized foamed as- 

phalt mix is about 65 to 85% of the optimum content of the soil 

aggregate as determined by AASHTO T99. 

e Additional moisture after foamed asphalt is incorporated in the 

mix has no beneficial effect. 



4.6. E f f e c t  of Curing Conditions 

Although foamed a s p h a l t  co ld  mix does not  have the  cur ing  problems 

a s soc ia t ed  wi th  cutback o r  a s p h a l t  emulsion, cu r ing  cond i t ions  must be  

considered i n  foamed a s p h a l t  cold mix des ign  and evalua t ion .  This  i s  

because (a )  some premix moisture i s  always requi red  f o r  b e s t  mixing and 

coa t ing  of s o i l  p a r t i c l e s  and (b) experience has  ind ica t ed  t h a t  co ld  wet 

foamed a s p h a l t  mixes tend t o  improve wi th  age,  t r a f f i c  and temperature,  

a l l  c o n t r i b u t i n g  t o  the  removal of moisture i n  t h e  mix. 

I n  a l l  of Professor  Csanyi 's  published r e p o r t s  on h i s  o r i g i n a l  work 

on foamed a s p h a l t  s o i l  s t a b i l i z a t i o n ,  he r a r e l y  r e f e r r e d  t o  cu r ing  con- 

d i t i o n s  when foamed a s p h a l t  p r o p e r t i e s  were repor ted .  However, a  review 

of one of h i s  unpublished no te s  (11) - i n d i c a t e s  t h a t  he d i d  i n  f a c t  con- 

s i d e r  cur ing  condi t ions  f o r  h i s  foamed mix designs.  Two cu r ing  condi t ions  

were used: an a ir  cure a t  room temperature f o r  t h r e e  days f o r  mixes t o  be 

l a i d  i n  cool  weather and a warm cure a t  120°F f o r  t h r e e  days f o r  mixes 

t o  be l a i d  i n  warm weather.  Design c r i t e r i a  were given f o r  both cases .  

A l abora to ry  t e s t i n g  procedure f o r  the  des ign  of foamed a s p h a l t  s o i l  

mixtures  proposed by Bowering (5) suggested t h a t  specimens be oven cured 

while  i n  molds f o r  t h r e e  days a t  140°F p r i o r  t o  t e s t i n g .  Laboratory 

s t u d i e s  performed i n  Colorado (I) used t h r e e  types of cu r ing  cond i t ions :  

t h r e e  days a t  room temperature,  one day a t  140°F and t h r e e  days a t  140°F. 

Because of t h e  l imi t ed  time and number of molds a v a i l a b l e ,  t h e  stand- 

a r d  cu r ing  condi t ion  during t h i s  p r o j e c t  was t h r e e  days a t  140°F a f t e r  

specimens were extruded from t h e  molds. However, i n  order  t o  eva lua te  t h e  

e f f e c t  of vary ing  cur ing  cond i t ions  on t h e  Marshall  p r o p e r t i e s  and t o  make 

comparisons between r e s u l t s  of t h i s  r e sea rch  wi th  those of  o t h e r  s t u d i e s  



e a s i e r ,  a s p e c i a l  s e r i e s  of i n v e s t i g a t i o n s  on cur ing  condi t ions  was 

conducted using aggregate  B-3 a t  approximately 4% aspha l t  (200/300 pen.). 

I n  t h i s  s e r i e s ,  foamed mixes were mixed and compacted a t  about 8% mois- 

t u re .  Duplicate  specimens were cured a t  room temperature (77'F) and 

140°F, both i n  and o u t  of molds, f o r  va r ious  per iods  of time. Cured 

moisture contents ,  Standard Marshall  s t a b i l i t y  and flow were determined. 

The r e s u l t s  a r e  given i n  Table 8 and p l o t t e d  i n  Fig.  18. From these  

l imi t ed  d a t a  t h e  fol lowing can be  observed: 

e The ga in  i n  s t a b i l i t y  was accompanied by l o s s  of moisture.  

e As  expected, s t a b i l i t y  ga in  and moisture l o s s  occurred more 

r ap id ly  when cured a t  h igher  temperature ou t s ide  t h e  mold than 

a t  low temperature while  specimens were i n  t h e  molds. 

When specimens were cured ou t s ide  t h e  molds, approximately t h e  

same s t a b i l i t y  r e s u l t e d  when cured t o  t h e  same moisture content  

(e .g . ,  seven days a t  7 7 ' ~  and t h r e e  days a t  140'~;  21  days a t  

77°F and seven days a t  140°F). 

e A t  l e a s t  f o r  t h i s  p a r t i c u l a r  aggregate,  t h e r e  appeared t o  be a 

c r i t i c a l  moisture content  above which no Marshall  s t a b i l i t y  was 

developed. 

One may ques t ion  whether cu r ing  a t  140°F ( e i t h e r  i n  o r  o u t s i d e  the  

molds) r e a l l y  s imula tes  o r  reproduces f i e l d  cur ing  condi t ions .  It may be 

necessary t o  eva lua te  foamed mixtures both a t  e a r l y  cured and u l t ima te  

cured condi t ions  (e .g. ,  three-days'  cure a t  room temperature followed by 

vacuum des i cca t ion  f o r  four  days a s  reconnnended f o r  emulsion mixes). One 

may a l s o  argue t h a t ,  f o r  mix design and eva lua t ion  purposes, l abora to ry  
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curing conditions may not be important as long as results are correlated 

with field curing and strength gaining characteristics for a given climat- 

ic region. In any event, it is recommended that a detailed laboratory - 
field curing correlation be included in the next phase of study, the 

results of which will be useful in establishing criteria for foamed mixes. 

4.7. Effects of Half-Life and Foam Ratio 

Professor Csanyi (9 performed extensive study on the characteristics 

of foamed asphalt including types of foam (discrete vs concentrated), and 

factors affecting foam production such as nozzle tip dimension, nozzle 

adjustments, the asphalt temperature, the relative pressure of asphalt and 

steam. While there was no record indicating any asphalt that could 

not be foamed, there were no criteria as to what constituted a satisfac- 

tory foam, other than by visual examination of the foam and aggregate par- 

ticle coating. 

One of the improvements as a result of the Mobil Oil study in Aus- 

tralia was the quantitative characterization and development of criteria 

for the foam. The quality of foam is characterized by half-life and foam 

ratio. For soil stabilization the recommended foam ratio is 8-15 and 

half-life is a minimum of 25 sec (7 -, -9 14 - 22). All foamed mixes made in 

this study were within these limits as determined by a one-gallon can. 

Since there is little published data showing the effects of foam 

ratio (volume expansion) and half-life (foam stability) on the charac- 

teristics of foamed asphalt mixtures, a separate series of experiments 

was conducted using aggregate B-3 and 200/300 pen. asphalt cement. By 

varying the percent of anti-foam counter agent and cold water, seven 



batches  of foamed mixes a t  about 4% a s p h a l t  were made a t  a 

h a l f - l i f e  range of 11 t o  136 sec  and a foam r a t i o  range of  5 t o  20. 

Mixing moisture content  was c o n t r o l l e d  a t  70-80% of optimum f o r  com- 

pac t ion  of aggregate  by AASHTO T99. Marshall  specimens were molded, 

cured a t  140°F f o r  t h r e e  days and t e s t e d  f o r  s tandard  s t a b i l i t y ,  im- 

mersion s t a b i l i t y  and one hour absorpt ion .  The r e s u l t s  a r e  given i n  

Table 9 .  

Examination of t h e  da ta  revea led  no s i g n i f i c a n t  t rends .  There 

were e s s e n t i a l l y  no d i f f e rences  between mixes of high and low foam 

r a t i o s  (5 vs  20) and no d i f f e rences  between mixes of h igh  and low 

h a l f - l i v e s  (136 vs  11 s e c . ) .  The mix t h a t  had t h e  h ighes t  s t a b i l i t y  

va lues  ( s tandard  and a f t e r  24 hour immersion a t  140°F) was made wi th  

foam of 1 8  s e c  h a l f - l i f e  and foam r a t i o  of 15. These r e s u l t s  a r e  

cont rary  t o  f ind ings  by Bowering and Martin (7) whose d a t a  showed s ig-  

n i f i c a n t  improvement on a s i m i l a r  m a t e r i a l  (sandy loam) a t  2.8% a s p h a l t ,  

when foam r a t i o  was increased  from 3 t o  15. (The r e l a t i v e  s t a b i l i t y  

a f t e r  a three-day exposure t o  moisture vapor was doubled; t h e  unconfined 

compressive s t r e n g t h  a f t e r  a four-day soak was increased from 64 t o  144 p s i ,  

and permeabi l i ty  was reduced by 50%.) It i s  poss ib l e  t h a t  Marshal l  pro- 

p e r t i e s  a r e  not  s e n s i t i v e  t o  t h e  d i f f e rences  o r  t h a t  foamed mixes a t  h igher  

a s p h a l t  content  a r e  l e s s  s e n s i t i v e  t o  foam q u a l i t y  changes. 





4.8. CBR of Foamed Mixes 

Since CBR i s  probably t h e  most widely used index f o r  s o i l  s t a b i l i t y  

a s  pavement ma te r i a l  and i n  pavement des ign ,  t h i s  t e s t  was performed on 

t h r e e  aggregates  (B-1, B-4 and B-8) a t  about 4% foamed a s p h a l t  and ranges 

of mixing moisture content .  The r e s u l t s  a r e  given i n  Table 10. For l o e s s  

s o i l  - 1 ,  t h e r e  was l i t t l e  improvement a t  low mixing mois ture  content  

probably due t o  non-uniform d i s t r i b u t i o n  of a s p h a l t  and low compacted den- 

s i t y  thus  high water  abso rp t ion  dur ing  t h e  four-day soak per iod .  When 

mixing moisture content  was increased  t o  15.1% o r  77% of optimum, t h e  

CBR va lue  increased  from 3 t o  11, about t h e  l e v e l  of improvement repor ted  

by Nady and Csanyi (20) .  - Simi la r ly  t h e r e  was no improvement i n  CBR f o r  

t h e  pi t -run gravel  (B-4) which had high CBR va lue  wi thout  t reatment .  The 

low CBR of foamed mixes using B-4 was again due t o  t h e  inadequate mixing 

moisture contents  and t h e  much lower r e s u l t e d  compacted dens i ty .  Foamed 

a s p h a l t  mixes f o r  B-8 (20% l o e s s ,  80% sand) showed t h e  most s i g n i f i c a n t  

improvement. When mixed and compacted a t  about 75% of optimum moisture 

content ,  t h e  CBR of t h e  foamed mixes increased  by 20 fo ld  a f t e r  t h r e e  

days cu r ing  and increased from about 2 t o  108 a f t e r  seven days cu r ing .  

Although t h e  CBR da ta  obtained i n  t h i s  s tudy were l i m i t e d ,  they d i d  show 

t h e  importance of c o n t r o l l i n g  t h e  mixture moisture content  (and compacted 

dens i ty )  and t h e  l a r g e  improvements f o r  ma te r i a l s  conta in ing  s i g n i f i c a n t  

amounts of f i n e s .  
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4.9. Freeze and Thaw Tests 

One hot mix and one foamed mix, both at 4 percent asphalt of 

AC-10, were prepared for each of three aggregates: C-1 (Story Co. road 

material), B-6 (blow sand) and B-8 (20% loess blend with 80% sand). 

Three Marshall specimens were compacted from each batch. After 

three-days' curing at 1 4 0 ~ ~  for foamed specimens, they were exposed to 

ASTM C666 Method B rapid freezing in air and thawing in water cycles. 

Eight 40 - 0 - 40'~ cycles were run per day. C-l specimens, both hot 

mix and foamed mix, stood 14 cycles in fair condition but disintegrated 

after a total of 52 cycles. All B-6 and B,-8 samples underwent 70 

cycles without disintegration. Marshall stability and flow were 

determined on these samples after 70 freezing and thawing cycles. The 

results are given in Table 11. Evidence from these limited results 

indicated that foamed mixtures were as resistant to freezing and 

thawing recycles as were hot mixes; at least one foamed mix, B-8, 

performed better than hot mix. It is also of interest to note that all 

foamed mixes met Csanyi's 10 cycle freezing and thawing criteria 

for base material. 
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4.10. llffect or Lime and Portland Cement Treatments 

In view of the relatively low Marshall immersion stability of most 

of the foamed mixes, it was decided to investigate whether the resistance 

of foamed mixes to water action could be improved by lime and portland 

cement treatment. Aggregate B-3 was selected for this study. Three 

batches of foamed mixes were prepared at about 70% of optimum moisture 

content and 4% asphalt cement. One batch contained no additive; one 

batch contained 2% hydrated lime; and one batch contained 2% portland 

cement. Three Marshall specimens were molded, cured and tested for sta- 

bility after 24 hour immersion in water at 140°F. The results are given 

in Table 12. The foamed mix without additive had an immersion Marshall 

stability of 125 lb (standard Marshall stability was about 860 lb); the 

stability of the cement-treated foam mix was increased to 200 lb, whereas 

the lime-treated mix yielded an immersion stability of 560 lb, a fourfold 

increase. 

While one may question the severity or the suitability of the test 

condition for evaluation of stabilized base material, the effectiveness 

of lime treatment in improving water susceptibility of stabilized foamed 

asphalt mix is apparent. 



Table 12. E f f e c t  of  Lime and Por t land  Cement Treatments 

Aggregate B-3 

A.C.  200l300 pen. 

Mixing m. c . , % 8.0 8 .1  7.9 

Treatment None 2% l ime 2% p.c.  

Cured m . s . ,  % 0.3 0.6 0.7 

Bulk Sp. G r .  1 .82  1.86 1.78 

Marshal l  24 h r  immersion 

S t a b i l i t y ,  l b  125 559 223 

Flow, 0.01 i n .  4 5 5 

Unit  w t  pcf 113.5 116 .O 110.9 



4.11. Foamed Asphalt  Recycling 

The f e a s i b i l i t y  of cold r ecyc l ing  by foamed a s p h a l t  process  was ex- 

p lored  us ing  two salvaged a s p h a l t  pavement ma te r i a l s :  a  reclaimed a s p h a l t  

t r e a t e d  base  conta in ing  2.0% a s p h a l t  from a 1979 Kossuth County, Iowa, 1 
r ecycl ing  p ro jec t  and a  salvaged a s p h a l t  conc re t e  su r face  and b inder  

cour se  mixture from 1-80 (Cass County) s tockp i l ed  i n  S t u a r t ,  Iowa, con- 1 
t a i n i n g  5.2% a s p h a l t .  The type  and amount of v i r g i n  aggregates  and type  

and amount of new a s p h a l t  used i n  t h e  foamed mixes were those  designed 

f o r  hot  recycled mixes and used i n  t h e  f i e l d .  For t h e  foamed mixes, t h e  i 
reclaimed m a t e r i a l s  were blended wi th  t h e  requi red  amounts of v i r g i n  ag- 

gregates  both  cold t o  which var ious  amounts of  moisture were added; then 

t h e  requi red  percents  of v i r g i n  a s p h a l t  were added a s  foam. For t h e  
I 

Kossuth Co. m a t e r i a l ,  reasonable mixing and coa t ing  was obtained when 1 
moisture content  was increased  t o  5%. For t h e  S t u a r t  s t o c k p i l e  m a t e r i a l ,  

moisture content  beyond 2% (up t o  6%) d i d  not  improve t h e  mixing and coat-  
i 
l 

ing.  Because t h e  a d d i t i o n a l  coarse  crushed l imestone p a r t i c l e s  c a l l e d  f o r  \ 

were based on hot  r ecyc l ing  mixture des ign  and because of t h e  s e l e c t i v e  

coa t ing  of only t h e  f i n e  p a r t i c l e s ,  c h a r a c t e r i s t i c  of t h e  foam process ,  i 
d i s t r i b u t i o n  of a d d i t i o n a l  foamed a s p h a l t  i n  t h e  S t u a r t  mixes was extremely i 
poor. Marshall  specimens were compacted a t  room temperature,  cured and 

t e s t e d .  Table 13  g ives  t h e  r e s u l t s  of foam recycled cold mixes a s  w e l l  a s  1 
comparable hot  recycled mixes. Although foam recycled Kossuth mix a t  5% 

i 
moisture met Marshal l  c r i t e r i a  f o r  h o t  mixes, recycled co ld  mixes from i 

both Kossuth and S t u a r t  ma te r i a l s  had s t a b i l i t i e s  and d e n s i t i e s  much lower 

than corresponding h o t  mixes. From t h e  prel iminary r e s u l t s ,  i t  appears  
i 

t h a t  cold r ecyc l ing  us ing  foamed a s p h a l t  has t o  be inves t iga t ed  on t h e  1 
b a s i s  of t h e  cold r ecyc l ing  concept and compared wi th  o t h e r  co ld  r ecyc l ing  
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a l t e r n a t i v e s  (such a s  us ing  cutbacks o r  a s p h a l t  emulsions) and t h a t  

a d d i t i o n a l  coarse  v i r g i n  aggregates  c a l l e d  f o r ,  based on hot  mix recycl ing ,  
i I 

may not  be necessary o r  d e s i r a b l e .  Addit ional  r e sea rch  us ing  e i t h e r  100% 

reclaimed m a t e r i a l s  o r  a d d i t i o n a l  f i n e  v i r g i n  m a t e r i a l s  such a s  sands i n  

conjunct ion with foamed a s p h a l t  should be  undertaken and compared w i t h  co ld  i 
r ecyc l ing  using cutbacks o r  emulsions. 

I 

I 

4.12. Foamed Elix Design and Design C r i t e r i a  - - I 

Although it has  been 20 yea r s  s i n c e  Professor  Csanyi f i r s t  developed 1 
) 

t h e  foamed a s p h a l t  process ,  t o  d a t e  only one s e t  of l abora to ry  eva lua t ion  

procedures and c r i t e r i a  has  been developed. This  t e s t  procedure and 1 
i 

assoc ia t ed  des ign  c r i t e r i a  were proposed by Bowering (4, 18, 19) based on 

s t u d i e s  by Mobil O i l  i n  Aus t r a l i a .  I n  t h i s  l abor ious  procedure, 

foamed aspha l t  (1-4%) i s  added t o  t h e  s o i l  a t  t h e  " f l u f f "  p o i n t ,  t h e  optimum 

\ 
mixing water  content ,  and compacted cold by Hveem kneading compactor a t  a n  

optimum compaction moisture content  determined on the  foamed a s p h a l t  mixture.  I 
1 

The specimens a r e  cured i n  molds a t  140°F f o r  t h r e e  days. S ix  s e t s  of t e s t s  

a r e  performed. The tests and suggested t e n t a t i v e  l i m i t s  f o r  s a t i s f a c t o r y  

foamed mixtures used immediately under t h i n  s e a l  coa t s  a r e :  I 

Test  

1. Resis tance R va lue  a t  77'F 

Cured 

Af te r  4-day soak a t  77OF 

2 .  Hveem Re la t ive  S t a b i l i t y  a t  140°F 

Cured 

Af te r  exposure t o  moisture vapor a t  

140°F f o r  3 days 

Limit 
1 



Test - Limit 

3. Hveem cohesion at 140°F 

Cured 400 + 
After exposure to moisture vapor 320 + 

4. Unconfined compressive strength at 77'F 

Cured 150 psi + 
After 4-day soak at 77'F 100 psi + 

5. California permeability test at 77OF 

ml per 24 hours 50 - 
6. California Swell test at 77°F 

free swell in 24 hours 

Due to the large number of specimens and molds required by the Mobil 

procedure and the very short time available in Phase I of this study, only 

Hveem stability was determined on selected materials at about 4% foamed 

asphalt. The results are given in Table 4. However, since curing condi- 

tions used in this study are different from those suggested by Mobil 

procedure (three days at 1 4 0 ~ ~  extruded vs three days at 140'~ in mold), these 

values must be viewed with caution. 

Professor Csanyi used the Marshall method for design of graded and 

ungraded cold mixes using foamed asphalt. A series of trial mixes was 

prepared in which the moisture content in the aggregate and foamed asphalt 

content was varied. The mixes were tested for Marshall stability at 140'~ 

0 and one-hour water absorption after three-days' curing at 120 F. The criteria 

for local light travelled road surfaces are: Marshall stability of at 

least 500 lb and a moisture absorption of less than 3% (11). 

For foamed asphalt stabilized sands and soils for base construction 

Professor Csanyi relied on the Hubbard-Field method using 2-inch diameter 



specimens. The foamed mixes at different moisture and asphalt contents are 

tested for Hubbard-Field stability at 77OF, at 140'~ after one hour in oven 

0 
and after one hour in water at 140 F. The soil stabilized mixes are also 

tested for resistance to freezing and thawing. Specimens are cured for 

three days in air at room temperature if the mixes are to be laid in cool 

weather, and cured in an oven at 120°F for three days if the mixes are to be 

laid in warm weather. The design criteria, based on experience with mixes 

that gave satisfactory service under traffic for a year or more, were (11): - 

Curing 

Test 3 Days at 120'~ 3 Days at 77'~ 

Hubbard-Field Stability 

140'~ wet, lb 500 + 300 + 

Absorption, 1 hr < 3% < 5% 

Freezing and thawing resis- 

tance after 10 cycles Satisfactory Satisfactory 

Based on Professor Csanyi's design criteria, the following mixes can 

be tentatively considered acceptable and regarded as candidate materials 

for field trials in Phase 11: 

e pit-run sand (B-2) at 4% foamed asphalt cement. 

9 Poweshiek blow sand (B-3) at 4% foamed asphalt cement. 

s Pit-run gravel (B-4) at 4% foamed asphalt cement. 

e Crusher waste (B-5) at 5% foamed asphalt cement. 

Blend of 90% Shelby and 10% loess (B-7) at 5.5% foamed asphalt. 

e Blend of 80% pit-run sand and 20% loess (B-8) at 4% foamed asphalt. 

e Shelby County road surface material (C-2) at 4% foamed asphalt. 



5. SUMMARY AND CONCLUSIONS 

Thirteen aggregates and aggregate blands plus two recycled asphalt  

pavement materials were evaluated i n  conjunction with two asphalt  cememts 

for  foamed asphalt  mixes. Foamed mixes were tes ted for  Marshall, Hubbard- 

Field and Hveem properties and compared with equivalent hot mixes. Evaluations 

of the two main se r i e s  of foamed asphalt mixes were supplemented by addi- 

t iona l  investigation on the e f f ec t s  of mixing moisture content, curing 

conditions, foam qual i ty ,  lime treatment and freezing and thawing. Limited 

s tudies  on CBR of foamed mixes and f e a s i b i l i t y  of foamed asphalt cold 

recycling were a lso performed. In a l l ,  more than 500 specimens were tes ted 

from 150 batches of foamed mixes. 

Within the scope of t h i s  study and on the basis  of materials evaluated, 

the following conclusions can be drawn: 

1. Of eight  materials tes ted,  f i ve  can be designed by foamed 

asphalt process t o  meet e i t he r  Hubbard-Field o r  Marshall 

c r i t e r i a  as  suggested by Professor Csanyi. A s ix th  material  

(Shelby blow sand), because of lack of f i nes ,  can be successfully 

s tab i l ized  with foamed asphalt  when blended with 10% loess.  

2. As much a s  40% loess  can be u t i l i zed  i n  conjunction with f i n e  

sand i n  foamed s tab i l ized  mixes. 

3 .  No apparent differences could be detected between Csanyi's 

steam foamed asphalt  and asphalt foamed by Mobil's cold water 

process. 

4 .  Mixing moisture content i n  the s o i l  aggregate is the s ing le  

most important fac tor  i n  foamed asphalt mix design. Proper 



pre-mix moisture makes in t ima te  mixing and b e t t e r  d i s t r i b u t i o n  

of foamed a s p h a l t  poss ib l e  and r e s u l t s  i n  b e t t e r  compacted 

d e n s i t y  and s t a b i l i t y .  

5. The optimum mixing moisture content  v a r i e s  wi th  types  of 

m a t e r i a l s  (percent  pass ing  No. 200 s i e v e ) ,  ranging from 65% t o  

85% of optimum moisture content  determined by AASHTO T99. 

6. I n  e i g h t  of 11 comparable mixes, foamed mixes had equal  o r  h igher  

Marshall  s t a b i l i t i e s  than corresponding hot  mixes of same 

aggregate,  a s p h a l t  type  and content .  Only f o r  aggregates  B-3, 

B-5 and C-1 d id  hot  mixes have higher  s t a b i l i t i e s  than comparable 

foamed mixes. 

7. No apprec iable  d i f f e r e n c e s  were found between foamed mixes made 

with AC-10 and 200/300 pen. a s p h a l t  cements. 

8 .  Foamed a s p h a l t  co ld  mixes gene ra l ly  had low compacted d e n s i t i e s ,  

high voids  and low r e s i s t a n c e  t o  water  a c t i o n  a s  measured by 

Marshall  s t a b i l i t i e s  a f t e r  24 hour immersion i n  water  a t  140°F. 

9 .  Although gradat ion  of sand is not  c r i t i c a l  t o  s t a b i l i z a t i o n  by 

foamed a s p h a l t ,  a d d i t i o n  of small amounts of f i n e s  (10 t o  20%) 

t o  c l ean  sand g r e a t l y  improved t h e  s t a b i l i t y  of t h e  foamed mixes. 

This  could be seen by comparison between B-3 and B-6, and between 

B-2 and B-8 a t  4% foamed a s p h a l t .  

10. Although m a t e r i a l s  conta in ing  a s  much a s  65% pass ing  No. 200 

s i e v e  had been success fu l ly  s t a b i l i z e d  by foamed a s p h a l t ,  t h e  

r e a l i s t i c  upper l i m i t  of percent  passing No. 200 s i e v e  i s  

perhaps i n  the  range of 35-40%. Limited d a t a  a l s o  showed t h a t  

percent  f i n e s  (passing No. 200 s i eve )  i s  more important i n  



judging the suitability of stabilization by foamed asphalt than 

plasticity index of the fines. 

11. Marshall flow values of foamed asphalt cold mixes are not sensi- 

tive to asphalt content variations. 

12. While no curing is required before compaction, foamed asphalt 

stabilized mixes do need curing to improve coating and to 

develop strength. 

13. Within half-life of 10 to 140 sec and foam ratio of 5 to 20, 

no differences could be detected in the properties of resulting 

foam mixes. 

14. Upgrading existing county road surface material by foamed 

asphalt is possible provided that the percent passing No. 200 

sieve is not excessively high. 

15. Cold mix recycling by foamed asphalt process is feasible provided 

that the mix design is based on cold mix recycling concept. 

16. The addition of small amounts of either hydrated lime or portland 

cement improves the resistance to water action of a foamed mix. 

17. Because of the effect of curing on the strength development of 

the foamed mixes, foamed mix design procedure and criteria should 

be locally based. These design criteria can be best established 

on the basis of laboratory-field correlations obtained from the 

field trials. 



6. PROPOSED PHASE I1 WORK 

I n  view of t h e  energy, environmental and, above a l l ,  economic ad- 

vantages of t h e  foamed a s p h a l t  process ,  and t h e  encouraging (although 

perhaps not  s u r p r i s i n g )  r e s u l t s  obtained i n  t h e  labora tory  phase of t h i s  

s tudy,  f i e l d  t r i a l s  of promising foamed mixes wi th  marginal l o c a l  mate- 

r i a l s  a r e  recommended. 

The o b j e c t i v e s  of t h e  f i e l d  t r i a l s  w i l l  be: 

e To eva lua te  the  promising ma te r i a l s  i n  foamed a s p h a l t  mixes a s  

road su r faces  and bases.  

e To evalua te  and/or  genera te  cons t ruc t ion  and inspec t ion  t e s t s  

and s p e c i f i c a t i o n s .  

e To c o r r e l a t e  f i e l d  s t r e n g t h  c h a r a c t e r i s t i c s  and per for -  

mances of foamed mixes wi th  labora tory  s t r e n g t h  and o t h e r  pro- 

pc-rties a s  f u n c t i o ~ s  cf c u r i n s  mnd i t iows ,  t ime and c w e d  moisture 

content .  

r To f a m i l i a r i z e  and document foamed a s p h a l t  construct ic .n tech- 

niques and problems. 

e To e s t a b l i s h  l o c a l l y  based mix des ign  c r i t e r i a .  

The l abora to ry  a spec t  of f i e l d  t r i a l s  w i l l  c o n s i s t  of d e t a i l e d  des ign  

and evalua t ion  of candidate  m a t e r i a l s ,  e s p e c i a l l y  i n  terms of  mixing and 

compaction moisture con ten t s ,  s t r e n g t h  p rope r t i e s  a t  va r ious  s t a g e s  of 

cu r ing ,  t e s t i n g  of f ie ld-produced foamed mixes, and t e s t i n g  and a n a l y s i s  

( inc luding  dens i ty ,  moisture con ten t ,  s t r e n g t h ,  e t c . )  of f i e l d  core  sam- 

p l e s  a t  appropr i a t e  i n t e r v a l s .  The f i e l d  aspec t  of  t h e  f i e l d  t r i a l  w i l l  

inc lude  precons t ruc t ion  s i t e  eva lua t ion ,  cons t ruc t ion  procedure and 



and documentation, post-construction evaluation such as deflection meas- 

surements, cracking surveys, rut depth measurements, etc. at appropriate 

intervals. 

The detailed field test program (Phase 11) will be formulated in 

consultation with Iowa DOT engineers and cooperating county engineers. 
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