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Structural Response of 
_Foamed~Asohalt-Sand Mixtures in ... --

Hot Environments 
AMIR F. BISSADA 

Thia re111Nb project WH conducted to lnvNtlgate the ablllty 
of foamed aapbalt to stabilize local m ralnal aand a1J11reaate1 
for UM 11 bue or 1ubbue pavement materlal1o The varlablH 
meuured wen Intended to give Indication• or the quality or 
p1rrormanc1 or tb111 mlxtur11 11 well u aid In tbe develop· 
mint or d111&n procedur• ror tbe uH or roamed 11pbalt u a 
1tablllzln1 agent under tbe nlatlvety blab temptrature condl· 
tlon1 Jn tbe Arabian Gulr. Quantitative Information II given 
about the 1tr1ct1 on mixture mpon11 or elgnlftcant factor• 
1ucb u aand typ1 and gradation, quality and quantity or the 
tine rractJon, upbalt grade and ltl perc1ntaa11 mollture con· 
tent, and curln1 condition, Both mol1turt and temperature 
1U1c1ptlbllltl11 or roam1d 0 a1pbalt mlx11 were round to b1 
1l1ntncantly reduced by tbe addition or llm11tone powder 
to modify tb1 tine traction or 1and, Structural r11pon11 
or roam1d0 11pb1lt mlx11 wu compal'ld wttb that or other 
bot011pbalt-1and mlx11 commonly uad 11 ba11 mat rial 
In Kuwait. It 1ppear1 tbat properly d11lan1d roamed· 
1pbalt-1and mlx11 have 1 1tructural tblckneu tbat corn· 
1pond1 to that or bot 11pbalt ud mucb 1111 11u1ceptlblllty to 
pumanent d1rorm1tlon1 under trarrtc load1 In bot 
1nvlronm1n11. 

An adequate procedure for deal1nlna foamed·11ph1lt-11nd 
pavement materials cannot be developed unle11 the effect• of 
Ill of the f1ctor1 that affect mixture performance are thor­
ouahJ.y evaluated and clearly under1tood. A variety of mix 
dellan and evaluation procedure• for foamed·11phllt m1terl1l11 
hu been and 11belnaulldIn1 number of countrl11 (1-1). Thl1 
variety hi• led to dl!ftcultl11 In correlatlna and u1111lna re1ult1 
obtained In dlf'tmnt 111vlronment1. Therefore the Initial 1tep In 
developlna 1 procedure for dellanlnl mixture• w11 to conduct 
1 compreh1111lve laboratory atudy to obtain quantitative lnfor· 
matlon about the effectl of the propertl11 of 1v1l11ble materla11 
and local environmental condltlon1 on mixture reaponae. 

The study of foamed·11phalt 1t1blllz1tlon of local 11nd1 wu 
Initiated In Kuwait bec1U11 (1) there 11 a lack or limited 1upply 
of aood-quallt)' coar• 111re11te1 and an abundance of poorly 
araded 1and1 that are unaultable for u11 111 b111 l1yer m1ter11l 
and (b) 11phllt b111 layers are 1ubjected locally to aervlce 
temperature• that vary from 1 minimum of 15°C to 1 maximum 
of 55°C (8), Within this rans• of aervlce temperatures, theao 
11yer1 were found to bo more 1uaceptlble to deformation failure 
than to f1tl1ue cracklna (g), 

Thi• work hu two objectlv11. Thi ftnt 11 to determine the 
alanlflcant factor• that affect the 1tructural reaponte of foamed-
11ph1lt mixture• compared with corre1pondlna hot·11ph1lt 
plant mlxtur11. Pactor1 1uch u mol1ture and temperature 1u1· 

ceptlbllltl and e111tlc and creep behavior were con1ldered. 
The 1econd objective l1 to evaluate the potential of foamed· 
uphllt-1and mlxturel u 1 11rUCtur1l 'bale or 1ubbue at rel&· 
tlvely hllh local 11rvlce temperatures and to compute equiv· 
&lent thlckne1111 of th111 l1yen on the ba1l1 of their ablllty to 
dlulpate vertical compre11lve 1ubF1de atrenu. 

EXPERIMENTAL PROCEDURE 

Three arade• of 11ph1lt, cluaifled 111 AC·20, AC·2.5, and a 
vacuum 11phalt re1ldue (VAR) with 1 penetration of 310, were 
ulld In thl1 experiment. Th.111 11phllt1 were teated for penetra· 
tlon, 1oftenlna point, vl1eo1lty, and 1peclflc aravlty. The appar· 
ent vl1eo1lt)' w11 detennlned U1ina 1 rotor vl1eometer at dlf. 
ferent lhear r1t11 and at temper1tur11 rmalnJ from 60°C to 
165°C. The re1ult1 of th111 t11t1 are 1lven In Table 1. The 
foamlna characterl1tlc1 of the three 11phalt ar1de1 were lnv11tl· 
11ted In tenm of their foam expamlon ratio and foam half ·life 
under variable foamlna temperature• and water contentl. In 
aeneral, the VAR with the low11t vl1co1lty wu found to poa· 
1111 the hl1h11t expamlon ratio and hllf·llfe v&lu11 at all 
foamJna temperaturel and water content• con1ldered (Pl1ure 
1). 

Two major t)'pll of locally 1v1l11ble 11nd1 were Uled In thl1 
1tudy, natural d11ert 1and (S·2) and blow 1and (S·3), In add!· 
tlon to thue two 1andl, 1 third type of 1and commonly uaed In 
hot-plant uphalt mlxturel (S·l) wu 1110 con1ldered for u11. 
S·l ccmal1t1 of natural delll't 1and, cni1her w11te 111re11te, 
and llm11tone powder In 1 ratio of 46:46:8 by welsht. The 
1rad1tlon, apeclflc aravlty, AASHTO T99 dry demit)', and 
optimum mol1ture content of the three 11lected 1and 111ro11te1 
are alven In Table 2. 

A foamed plant laboratory unit built by Ultra-Tee, Inc., wu 

TABLE 1 PROPBR.TIBS OP ASPHALTS lJSBD 

Alphalt Orlde 

Property AC·20 AC·2.5 VAR 

Penatratton at 2.!'C 
(0.1 mm) 157 135 310 

Softanina point (°C) 51 45 315 
\ll1001it)' (mPl/110) It 

2.1 )C to' 3.5 )C 10'4 150'C 5.0 )C 1()3 
135'C 5.2 )C 1oa u )C 1oa 1.5 )C ioa 
l!O'C 3.o )C 1oa 1.4 )C 1oa o.si )C 1oa 
1155'C u )C 1oa o.a )C 1oa o.5 )C 1oa 

Spieifto ifiVii)' 1.030 " ""'" 1.005 .l.1\1 .l\I 
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FIGURE 1 Expamlon ratio and half·llf1 of foamed uphaltl. 

uled to produce the uphalt mixture• lnve1tl1ated. The elec· 
lrically powered plant unit containl a foamina device that 
recelvu preclae meuurementl of water and hot aaphalt and 
convertl them to an aaphalt foam that 11 mixed in a paddle 
mixer. The plant mixu 7 lea per batch. which Is enouah to 
prepare 1ix standard Marahall moldl at once. The mixlna 
period in the paddle mixer wa1 1 min after the foamed uphalt 
waa added. Then the mixture w11 hand mixed in the pan for 
approximately 1 min. 

The tut apecimena were molded within 45 min after the 
mixlna operation wu completed. Mar1hall apecimena of all 
foamed mixe1 were compacted using a mechanically operated 
compaction hammer accordina to ASTM D 1.5.59. Compacting 
waa done at room temperature; .50 blow• were applied on each 
aide of the specimen. Specimena were carefully extruded from 
their moldl and weiahed immediately after compaction. To 
determine the effect of loss In moisture content, apecimens 
were weiahed periodically durina curlna. 

TABLB 2 PHYSICAL PROPERTIBS OF SANDS 

Proper1y S·l S-2 S-3 

On.elation particle 1ize (mm) 
('lli pa11in1) 

.5 100 100 100 
2 93 98 100 
1 80 89 100 
0 . .5 55 62 96 
0.2 26 12 .52 
0.1 14 4 27 
0.7! 8 2 8 

Atterblq limit 
Bulk ipOCJ.ftc aravity 2.604 2.612 2.!9.5 
Standard proctor dry den1ity 

(l/rrr1) 2.062 1.91.5 1.736 
Opdmum mohture content ('lli) 9.4 7.8 12.0 

NoTB: Duh • not provided. 

Three dl.tl'crent laboratory cmlna conditions, bued on clima· 
tic reatons of the Arab Oulf, were considered: (a) In air at room 
temperature (23°C), (b) In a humidity chamber (23°C and 100 
percent humidity), and (c) In an oven at 40°C. The fir1t and 
aecond curina conditions were auppOled to 1imulate local dry 
and humid low-temperature seaaons, rupectively. The third 
repruenta the local dry temperate condition. 

Poamed·aaphalt mixturu were characterized by the Manhall 
method followlna ASTM D 1.5.59 except that mechanical com­
paction wu uaed to apply .50 blow• on each aide of the 
apecimen at room temperature. The percentaae of air void& In 
the compacted 1peclmena waa determined accordina to ASTM 
D 3203. Marlhall apecimena were conditioned accordina to 
ASTM D 107.5, and mol1ture damaae wu determined by u1ina 
the ratio of the Marlhall 1tability of conditioned 1pecimen1 to 
the Marshall 1tabillty of dry 1pecimen1. 

Indirect tenaile strenath I• determined by tutina the speci· 
men of standard Marlhall 1ize diametrically at a constant rate 
of .51 mm/min (10) for the purpo1e of evaluating both the 
moi1ture and the temperature 1U1Ceptibility of the foamed· 
uphalt-1and mixture•. 

The apparatu1 u1ed for meaaurlna creep 1tl.tl'nc11 waa a 
Preundl type of loading ayatcm ( 11 ). The frame load and the 
upper platen preloaded the 1pecimen with O.Ql N/mm-2 for 1 
min. The constant 1tru1 applied to the specimen wu 0.10 
N/mm-2 for 60 min. 

Specimem of Manhall 1tandard size were coated with par· 
aftln before beina lmmmed in a 40°C water bath for 1 hr to 
alve them a uniform temperature before tutina. The paraffin 
coatina haa the effect of avoidina any po11ible moi1ture 
damaae to the apeclmena before and during testing. 

A nondutructive re1ilient modulua (MR) teat waa carried out 
by applylna a pulslna load of 0.10-iec duration acro11 one 
diameter of the cylindrical 1pecimen while the resultant elastic 
reaponse across the opposite diameter was meuured (12). An 
electtohydraulic apparatu1 wu uaed to apply the selected pat· 
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FIGURE 2 Hot-asphalt (left) and foamed-asphalt (right) 
specimens. 

tern of dynamic loading. Temperature was controlled within 
1/2°C using a thermally controlled cabin. 

CHARACTERISTICS OF MIX DESIGN 

Effect of Asphalt Foaming Properties 

All of the foamed-asphalt-sand mixtures looked like moist 
sand with no visible asphalt color right after cold mixing. 
However, the compacted specimens after the first curing hours 
got darker in color, and most of the fine particles were coated 
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with less than 0.50 mm of asphalt. Because of the partial 
asphalt coating, all foamed-asphalt cold mixes are lighter in 
color than are corresponding hot-asphalt mixes, as shown in 
Figure 2. 

The effects of foam ratio and half-life on the stability of the 
foamed-asphalt mixtures were detectable. Foamed-asphalt 

--mixes made with AC:20 with an expansion ratio of-9-an:d· a 
half-life of 8 sec gave the lowest stability values of any of the 
mixes considered in this experiment. It was observed that 
foamed asphalt AC-20 did not have good mixing properties 
with the sands used in this study. Problems such as stickiness 
and lumping were encountered with this mix but were not 
observed in other mixes made with AC-2.5 and VAR with 
relatively high values of expansion ratios and half-lives. Visual 
examination of the foamed mixtures revealed that the VAR 
with the lowest viscosity exhibited the best aggregate particle 
coating and the most uniform dark color. Mixtures that con­
tained AC-20 were light in color, and no asphalt was visible in 
those that contained 4.5 percent asphalt. Increasing the asphalt 
content to 6.5 percent resulted in the appearance of several 
balls of uncombined asphalt. 

The effect of asphalt viscosity at 165°C on Marshall stability 
of foamed mixtures made with sand S-1 is shown in Figure 3. 
Foamed mixtures that contained VAR of viscosity 0.5 x 
1<>2 mPa/sec at 165°C showed higher stability values than did 
corresponding mixtures with AC-2.5 and AC-20 of viscosities 
0.8 x 1<>2 and 1.2 x 1a2 mPa/sec, respectively, at 165°C. 
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After 3 days of curing at 40°C all tested foamed-asphalt 
specimens had higher Marshall stability values than did corre­
sponding hot-asphalt specimens at lower asphalt contents 
(Table 3). Maximum stability of foamed-asphalt specimens was 
found to be at 1.5 to 2.0 percent less asphalt content than that 
for corresponding hot-asphalt specimens (Figure 4). 

The partial asphalt coating in foamed-asphalt mixtures pro­
moted the frictional shear component and resulted in higher air 
voids and lower measured flow values compared with those for 
corresponding hot-asphalt mixtures. These values for all tested 
foamed-asphalt specimens were not significantly affected by 
either the asphalt content within the range of variation consid­
ered or the viscosity of the asphalt cement used. 

Effects of Sand Gradation and Particle Shape 

Marshall test results for the three sands with grade AC-2.5 
asphalt are given in Table 4. Improving the gradation, increas-
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ing the percentage of fines (less than 0.075 mm), and using 
crushed sand particles included in sand S-1 have resulted in 
significant improvements in Marshall properties before and 
after water immersion. Standard and immersed Marshall sta­
bility values for S-1 foamed-asphalt mixes ranged from 8.0 to 
11.5 kN and from 5.1 to 9.2 kN, respectively. These stability 
values were higher than those obtained for S-2 and S-3 foamed­
asphalt mixes. 

Foamed-asphalt specimens made from natural desert sand 
(S-2) had a low stability value and did not withstand the 
moisture conditioning test. The S-3 blow sand, which includes 
about 8 percent natural fines of silica dust (less than 0.075 
mm), produced foamed mixes of standard Marshall stability 
ranging from 3.4 to 5.8 kN. The relatively high values of air 
voids (25 to 30 percent) were related to the poor gradation of 
this type of sand. All foamed-asphalt specimens prepared from 
S-3 sand had low immersion stability values and some of these 
specimens collapsed before testing. 

TABLE 3 MARSHALL PROPERTIES OF MIXTIJRES MADE WITH 
DIFFERENT GRADES OF ASPHALT 

Asphalt Content Air 
(% by weight of Aow Unit Voids 
aggregate) stability (kN) (0.1 mm) Weight (t/m3) (%) 

Hot Mix (AC-20)a 

4.5 7.1 24 2.110 13.l 
5.0 7.8 24 2.169 9.9 
5.5 8.0 26 2.217 7.2 
6.0 10.2 30 2.208 6.9 
6.5 9.8 30 2.198 6.7 
7.0 8.9 33 2.198 6.0 

Foam Mix (AC-20)b 

4.0 11.7 21 2.033 16.5 
4.5 11.0 23 2.028 16.4 
5.0 7.4 22 2.018 16.2 
5.5 6.4 23 2.017 15.7 
6.0 6.4 23 1.995 15.9 
6.5 6.6 24 2.000 15.1 

Foam Mix (AC-2.5f 

4.0 12.7 25 2.052 15.5 
4.5 11.5 25 2.040 15.9 
5.0 11.0 24 2.045 15.0 
5.5 9.4 25 2.027 15.1 
6.0 8.1 26 2.011 15.2 
6.5 8.0 28 2.010 14.6 

Foam Mix (VAR)d 

4.0 13.8 23 2.041 15.5 
4.5 14.0 25 2.052 15.4 
5.0 12.8 24 2.038 15.3 
5.5 10.4 26 2.020 15.4 
6.0 9.9 27 2.016 15.0 
6.5 9.6 24 2.000 15.1 

0 Viscosiiy at 165°C = 1.2 x 1<>2 mPa/sec. 
bViscosily at 165"C = 1.2 x 1<>2 mPa/sec. 
cViscosiiy at 165°C = 0.8 x 1<>2 mPa/sec. 
dViscosily at 165°C = 0.5 x 1<>2 mPa/sec. 
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TABLE 4 MARSHALL PROPERTIES OF MIXTIJRBS MADB WITH 
DIFFERBNT SANDS 

Percentqe of AC-2 . .5 by Wei11ht 

Property 3 • .5 4 . .5 .5 . .5 6 . .5 

Sand la 

Standard 1tabillty (kN) 9.2 11 . .5 9.4 8.0 
Flow (O. l mm) 22 2.5 2.5 28 

7.0 

Unit weiaht (I/~) 2.020 2.040 2.027 2.010 
Air valda ('I) 17.9 1.5.9 1.5.1 14.6 
lmrnenlon 1tabillty (kN) .5.1 9.2 6.8 6.2 

Sand 2 

Standard 1tabillty (kN) 1.7 2.1 1..5 0.9 
Flow (0.1 mm) 10 14 12 18 
Unit wei11ht (~) 1.922 1.94.5 1.932 1.921 
Avoid void• (,.) 23 . .5 21.6 21.l 20.6 
lmmer1lon 1tabillty (kN) 0 0 0.3 0.3 

Sand 3c 

Standard at&billty (kN) 3.4 .5.8 4.4 3.6 
Flow (0.1 mm) 2.5 28 29 31 
Unit welaht (t/~) 1.720 1.7.53 1.776 1.729 
Air valda ('I) 30 27.7 2.5.6 26 . .5 
lmrnmlon 1tabillty (kN) 0 0.4 0.4 0.8 

NOTB: Speclm1111 woni cunid for 3 day1 al 40"C. lmmenlcn 111billty w11 detennlned afler 
1poclmen1 worD 10llcod for 24 hr Jn 60°C wat.er. 
:Moi11ure conllln.1: 7.5 percent 1t mlxlna, 0.7 to 1.3 porcont curod. 

Mol1h11e conlbnl: 6.4 poreoni it mbtlil11 0.7 to 1.3 pul'Cem cured. 
0Moi11ure cont111t: 9.6 percont 11 mlxlna, 2.0 to 2.9 pen:ent cured. 
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Effect of Mixing Water Content 

Figure 5 shows the average values of both Marshall stability 
'(SM) and indirect tensile strength CS-r) at different water con­
tents for mixtures made with S-2 with 10 percent limestone. 
Data from this series of tests appear to indicate that the op­
timum mixing water content was around 9.6 percent by weight 
of aggregate, which corresponds to about 80 percent of op­
timum compaction moisture. 

Specimens prepared at a moisture content of 40 percent on 
the dry side of the optimum value were difficult to mix with 
asphalt. The foamed asphalt was not unifomtly distributed and 
the mix had a spotty appearance. Marshall stability and indire.ct 
tensile slrength values dropped to about 50 percent of those 
obtained at the optimum mixing moisture. On the other hand, 
water content equivalent to 100 percent of the optimum com­
paction moisture resulted in the initiation of cracks during 
compaction. Marshall stability and indirect tensile slrength 
decreased to about 70 and 88 percent, respectively, of the 
values obtained at optimum mixing water content. 

The effect of varying the mixing moisture content on the 
percentage of retained stability and tensile slrength after water 
immersion was found to be negligible. Within the range of 
mixing moisture contents applied, retained stability and tensile 
strength ranged from 62 to 82 percent and from 69 to 79 

z 
~ 
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percent, respe.ctively. The lower percentage values are related 
to the relative decrease in the density of the mix caused by the 
change in the mixing moisture content. 

Effect of Curing Condition 

The effect of the three curing conditions on the Marshall 
stability of the foamed-asphalt mixes and the measurements of 
loss of moisture are plotted in Figure 6. The following observa­
tions resulted from these tests: 

• For the three curing conditions investigated, the loss of 
moisture content measured from the time of molding the speci­
men is accompanied by an increase in stability values. 

• The highest rate of gain in stability was measured for 
40°C oven curing and achieved a maximum value after 3 days 
with a moisture content of about 0.5 percent. No significant 
increase in stability was observed after 3 days. 

• Curing in the humidity chamber resulted in the lowest rate 
of gain in stability; after 14 days, only 50 percent of the 
maximum attainable stability was achieved. 

• Maximum stability values were measured for specimens 
cured for 21 days in air at room temperature. These stability 
values were equivalent to those measured for specimens oven 
cured for 3 days at 40°C. 
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FIGURE 6 Moisture content and corresponding stability under different curing conditions. 

• Examination of the data revealed no constant relationship 
between the loss of moisture and the consequent gain in 
strength under the three different curing conditions. It appears 
that, in addition to the effect of moisture loss, other factors such 
as the aging of the asphalt binder might contribute to the 
increase in stability of foamed mixes. 

• The relations between moisture content and strength, 
which are related to the three curing conditions, can be used to 

evaluate foamed-asphalt mixes both at early-cure to detennine 
when a road can be opened to traffic and at ultimate-cure to 
detennine the whole service life of the foamed-asphalt layer. 

Moisture Susceptiblllty 

Moisture conditioning of test specimens that contained S-2 
with different contents of fine additives resulted in a saturation 
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percentage that ranged from 40 to 60. This value was estab­
lished by determining the percentage of air voids in the cured 
test specimen that were occupied by water after the specimen 
had been submerged statically in water at 60°C for 24 hr. 

The silica dust is nonplastic fines normally found in natural 
desert sands. Such fines contributed little to improving the 
resistance of foamed-asphalt mixes to moisture damage. In­
creasing the amount of fines from 0 to 15 percent by weight of 
sand resulted in a maximum increase of 20 percent in retained 
Marshall stability. Many specimens did not withstand the mois­
ture conditioning tests. However, the use of limestone filler (5 
and 10 percent by weight of sand) resulted in retained stability 
values of 83 and 88 percent, respectively. Increasing the lime­
stone filler content to 15 percent did not result in any further 
improvement in resistance to moisture damage. 

Figure 7 shows the results of the indirect tensile tests carried 
out on foamed-asphalt mixes that contained S-2 with four 
different types of fines (minus 0.075 mm): silica dust, lime­
stone powder, hydrated lime, and portland cement. The fines 
content and the asphalt content of all of these mixes were 3.0 
percent and 3.5 percent by weight of dry sand, respectively. 
The mix that contained 3.0 percent portland cement showed the 
highest tensile strength values before and after moisture condi­
tioning. Foamed-asphalt mixes that contained 3.0 percent hy­
drated lime had the highest percentage of retained tensile 
strength. Mixes with portland cement and limestone filler 
showed percentage-retained tensile strength values of 92 and 
85, respectively. As expected, specimens that contained silica 
dust collapsed after moisture conditioning. 

These fine additives modify the sand fines by increasing the 
fractions of minus 0.075 mm required to produce a stable 
asphalt mortar. On the other hand, the interaction of the bitu-
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men acids with carbonate surfaces, like those of hydrated lime, 
portland cement, and limestone powder, results in the forma­
tion of calcium salts that are not expected to be water soluble 
(13). This interaction could be responsible for a strong adhe­
sive bond if these fine additives are added to the sand in a 
slurry. 

The effect of asphalt content on Marshall stability values 
before and after moisture conditioning has been compared with 
that for corresponding hot-asphalt mixes that have the same 
filler content. Figure 8 shows that, at the optimum asphalt 
content, foamed-asphalt mixes show higher percentages of 
retained stability after immersion than do hot mixes. Although, 
in the hot-asphalt mixes, ahnost all aggregate particles are 
asphalt coated, which normally produces higher resistance to 
moisture damage, it appears that there exists a strong adhesive 
bond if the limestone filler in the foamed-asphalt mixes is 
added to the sand in the presence of water. 

Temperature Susceptibility 

Figure 9 shows the effect of increasing the percentage of fines 
in S-2 on the increase in tensile strength of the foamed-asphalt 
mixtures tested at temperatures ranging from 25°C to 50°C. 
The temperature susceptibility of a foamed-asphalt mixture 
containing 10 percent limestone powder and 4.0 percent 31 O­
pen asphalt was compared with that of corresponding hot­
asphalt-sand mixes and the results were plotted on a semilog 
graph (Figure 10). Both hot sand-asphalt mixtures that con­
tained the harder asphalt grade (AC-20) and the softer asphalt 
grade (VAR) showed no significant difference in their slope 
values .1 log ST versus T°C within the range of test tempera-

6 HOT MIXES 

so 7.0 

ASPHALT CONTENT 

6.0 

PERCENT BY WT. 

FIGURE 8 Loss in stability after Immersion test (S-2 with 10 
percent limestone powder). 
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tures. A much smaller slope value was measured for the 
foamed-asphalt mix. The low-temperature susceptibility of the 
foamed-asphalt mixes is related to the high internal friction 
between the sand particles, which is due to the relatively low 
asphalt cootenL 

Figure 11 shows measured resilient modulus (MR) versus 
temperature for the foamed-asphalt mixtures and other hot­
asphalt mixtures commonly used in Kuwait. The initial and 
final MR-values of foamed mixtures were determined after 
curing at room temperature for l day and 21 days, respectively. 
Although the initial moduli of the foamed-asphalt mixtures 
over the whole range of test temperatures were quite low, the 
final moduli after 21 days were found to be about three times 
higher than the initial ones. At temperatures of 30°C and above, 
final MR-values of foamed-asphalt mixtures were found to be 
equal to or higher than those of commonly used hot sand­
asphalt mixtures. 

Creep Deformation 

Figure 12 shows that the stiffness value (a/f.J during the creep 
test (60 min) increases as the percentage of fines in sand 

ID 
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increases. On the other hand, the rate of decrease in stiffness 
with time was found to increase with the increase of fines 
contenL Foamed-asphalt mix with 15 percent fines showed a 
rate of decrease in stiffness four times higher than that for a 
mix with no fines added. The effect of variations in optimum 
asphalt content of ±0.5 percent by weight on creep strain was 
also investigated. Figure 13 shows the results of this study. For 
all foamed mixtures the trend of increase in creep strain with 
the increase in asphalt content was obvious. However, there 
was no detectable difference in the effect of changes in asphalt 
content on the rate of change in creep strain. 

Figure 14 shows that foamed-asphalt mixes that contained 5 
percent and more fines had higher stiffness values than did hot­
asphalt mixes. Stiffne8s of foamed-asphalt mixes containing 10 
and 15 percent fines was about two- and fourfold higher, 
respectively, than that of hot-asphalt mixes. The complete coat­
ing of the whole sand structure with the asphalt mortar in the 
hot-asphalt mixes could be responsible for the relatively low 
resistance of these mixtures to creep deformation. 

Stiffness of the mix (Smix) as a function of stiffness of the 
asphalt used (SA) in a log-log scale is shown in Figure 15. This 
presentation of the creep deformation characteristic has the 
advantage that the relative influence of a number of variables 
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FIGURE 12 Creep stiffness for mixes with different fines contents. 

can be quantified because permanent deformation is directly 
proportional to the reciprocal value of srnix ( 14 ). The stiffness 
of asphalt (SA) is dependent on loading time, temperature, and 
asphalt properties and was determined using Van der Poel's 
nomograph ( 15 ). 

Figure 15 shows that the slope (q) of the log Smix versus log 
SA is equal to 0.08 and 0.18 for the foamed- and hot-asphalt 
mixtures, respectively. The higher the value of q, the more 
susceptible will be the mix to permanent deformation. This 
means that foamed-asphalt mixtures are less susceptible than 
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corresponding hot-asphalt mixtures to permanent deformation. 
This is related to the improved low-stiffness properties of the 
foamed-asphalt mixture and to its relatively low asphalt 
content. 

STRUCTURAL EVALUATION 

The foamed-asphalt mixtures were evaluated in terms of their 
ability to perform as a pavement base or subbase layer. The 
structural evaluation was based on the results of tests carried 
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FIGURE 13 Creep strain versus asphalt content. 
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FIGURE 14 Creep stiffness of foamed- and hot-asphalt mixes. 

out on mixtures at optirnwn percentages of foamed asphalt. 
Resilient modulus data for the range of local pavement tem­
peratures were used to characterize these materials in a layered 
elastic model of the pavement system. The BISAR multi­
layered elastic computer program (16) and the DAMA com­
puter program (17), which analyze the pavement structure by 
cumulative damage techniques, were used for this purpose. 

There are three criteria that affect the potential of asphalt 
pavement material as a structural base or subbase layer: (a) 
distribution of vertical stresses on the subgrade, (b) resistance 
to permanent deformation, and (c) fatigue life characteristics. 
The fatigue potential of the foamed-asphalt mixtures was found 
to be well below that of AASHO asphalt mixtures (7). Foamed­
asphalt mixtures have mechanical characteristics that fall be-
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tween those of a granular structure and an asphalt-coated one. 
Therefore it may not be realistic to evaluate the fatigue poten­
tial of the foamed-asphalt mixtures in comparison with that of 
hot-asphalt mixtures. Moreover, fatigue cracking of asphalt 
base layers at high service pavement temperatures proved not 
to be the controlling criterion for pavement design life (9). In 
this case, only subgrade deformation and resistance to perma­
nent deformation in the pavement structural system were 
considered. 

Thickness Equlvalency 

Thickness equivalencies for foamed-asphalt S-2 mixtures with 
10 percent limestone powder and 4.5 percent (by weight) 310-

Bit pen 60 _ 70 ) 

5_2 SAND AND 

LIMESTONE FILLER 
110 •1. by wt . ) 

101 

ASPHALT STIFFNESS , N M-
2 

FIGURE 15 Log Smix-Log SA relationship for foamed- and hot-asphalt mixes. 
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pen asphalt were calculated on the basis of subgrade deforma­
tion damage. The relative ability of the foamed-asphalt layer to 
distrihute vertical stresses and thus reduce critical subgrade 
strains or subgrade deformations was assessed and compared 
with that of other materials commonly used in pavement struc­
ti.1rf"-!! irr Knwl!it. 

Two pavement systems were considered in this study. Pave­
ment 1 is representative of a typical structure for a low-volume 
road [l,200 standard axle load (SAL) or 80 kN per month] in 
which the foamed-asphalt material is used as a base layer laid 
directly on the subgrade soil and overlaid with an asphalt 
concrete surface course 50 mm thick. Pavement 2 represents a 

ENVIRONMENTAL EFFECT 
MEAN MONTHLY AIR 

TEMP. AND MOISTURRE 
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E-MOOULUS, MR, POISSON'S RATIO 
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FINAL MODULI OF FOAMED ASPHALT 
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medium-traffic volume road (12,000 SAL or 80 kN per month) 
in which the foamed-asphalt material is used as a subbase layer 
overlaid with 130-mm-thick base and surface courses of as­
phalt concrete. The thickness of the foamed-asphalt layer in 
both pavement systems varied between 80 and 180 mm. For 
each thickness the structural equivalency with hot plant asphalt 
concrete, hot sand-asphalt, and sand-gravel was determined. 
The procedure followed for computing the thickness equivalen­
cies based on equal design lives is shown in Figure 16. 

Monthly variation in temperature in Kuwait was used to 
account for the effect of temperature on moduli of asphalt 
pavement layers. For the sand-gravel materials the elastic mod-
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5 
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FIGURE 16 Pmredure for determining thicknes.o; equivalency ratios based on subgrade 
deformation damage. 
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ulus is known to be stress dependent and is usually expressed 
as 

(1) 

where K1 and K2 are regression constants related to material 
type and physical properties and a3 is the minor principal srress 
(N/mm-2). An indirect predictive equation. which was de­
veloped at the University of Maryland (18), was used to ac­
count for the stress dependency in a simple manner. 

Foamed-asphalt mixtures, like hot-asphalt mixtures, have 
modulus values that srrongly depend on temperature. However, 
moduli of foamed asphalts differ in that they also are dependent 
on the degree of cure (loss of water). Thus, at any given 
temperature, the modulus will vary from some initial vil.lue (Ej) 
to the final modulus value (E1) in a specified curing time. 
Analytically, this modulus relationship can be defined by (19) 

where 

Er,1 

Er.1 
Er,i 

(RF), 

where 

= modulus at temperature T and time t 
(N/mni-2), 

= final modulus at temperature T (N/mm-2), 

= initial modulus at temperature T(°C), and 
= reduction factor for cure at time t 
= ebt = (1 - fc) 

b = constant determined by the total cure period 
(tc); 

t = time at which RF is required (months); and 
fc = specified degree of cure, assumed to be 0.95. 

(2) 

The final modulus of foamed-asphalt specimens was 
achieved after curing outside the molds in air at 23°C for 21 
days. Under field conditions, if it happened that the foamed­
asphalt layer was overlaid with an asphalt concrete layer di­
rectly after construction, final modulus would be much delayed 
by the low degree of curing. In this analysis a total curing time 
.of 6 months was assumed in order to achieve the final modulus 
value (Figure 17). 

Figure 18 shows the thickness equivalencies of the foamed­
as'phalt layers in both pavement systems based on the subgrade 
damage criterion. That thickness equivalencies are a function 
of the geomelrics of the pavement cross section and the stress 
distribution in the pavement system is indicated in Figure 18. 
Using the foamed-asphalt material as a base layer in Pavement 
1 has resulted in average thickness equivalencies of 1.62, 1.00, 
and 0.77 compared with asphalt concrete, hot sand-asphalt, and 
sand-gravel base materials, respectively. However, in Pave­
ment 2, foamed-asphalt subbase layers had average thickness 
equivalencies of 1.51, 0.97, and 0.60 compared with asphalt 
concrete, hot sand-asphalt, and sand-gravel materials, 
respectively. 

Figure 19 shows the distribution of monthly damage to the 
four different subbase materials in Pavement 2 with equivalent 
layer thicknesses. Traffic is expected to start immediately after 

0 

u:- 0.2 a:: 
-a:: 

0 
I- 0.4 u 
~ 
z 
0 0.6 i== u 
::::> 
0 
w 
a:: 

2 3 4 5 
TIME, t, MONTHS 

FIGURE 17 E-modulus reduction 
factor versus curing time. 
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construction in July. The relatively high damage units for the 
foamed asphalt during the first 2 months of curing are obvious. 
During the next 4 months of curing, the foamed asphalt ex­
hibits about the same amount of damage as was computed for a 
sand-gravel layer of equivalent thickness. From May through 
September, when pavement service temperatures are highest, 
foamed asphalt exhibited less damage than did hot sand-asphalt 
and asphalt concrete layers of equivalent thickness. 

Prediction of Permanent Deformation 

The permanent deformation predicted within the foamed-as­
phalt layer was compared with that in an equivalent hot-asphalt 
layer for Pavements 1 and 2. With the predetermined thickness 
layer equivalency equal to 1.00, a thickness of 120 mm of 
foamed-asphalt base and subbase layer was considered. For the 
two candidate constructions, the permanent deformation was 
estimated according to the procedure outlined in the Shell 
Method (20). There are eight steps to be followed in this 
procedure; the relevant quantities obtained in each step are 
given in Table 5. 

Replacing hot-asphalt mix with foamed-asphalt mix has led 
to a reduction in the predicted permanent deformation from 
8.30 to 5.40 mm for the base layer of Pavement 1 and from 
8.25 to 4.20 mm for the subbase layer of Pavement 2. The 
replacement of hot-asphalt mix with a foamed-asphalt mix has 
resulted in a reduction in the predicted rut depth ranging from 
35 to 50 percent during the whole service life of the pavement. 

This analysis did not include the additional permanent defor­
mation that may occur during curing of the foamed-asphalt 
layer if traffic is expected to use the road immediately after 
construction. 

A lower asphalt grade was used in the foamed-asphalt mix 
than was used in the hot-asphalt mix. The reduction that oc­
curred in the predicted permanent deformation could be related 
to the improved low stiffness properties of foamed-asphalt 
mixes at high service temperatures. 

CONCLUSIONS 

The foamed-asphalt process is specially suited to stabilizing 
locally available sands that contain a fines fraction (less than 
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FIGURE 18 Equivalent layer thicknesses for different base and subbase pavement materials. 

0.075 mm) at levels of 5 percent and above. The bitumen is 
concentrated in the finer fraction and forms a discontinuous 
random matrix of a cohesive asphalt mortar. This discontinuous 
nature of the foamed-asphalt binding mechanism of the sand 
aggregate results in mixtures that are much less temperature 
susceptible than are equivalent hot-asphalt plant mixtures. 

The quality of sand is also important in determining its 
suitability for stabilization by foamed asphalt. The type and 
quality of fines are mainly responsible for the degree of mois­
ture sensitivity of the foamed-asphalt mixtures. Coating sand 
particles with limestone powder in a slurry form initiates a 

subsequent bonding of the asphalt with the limestone surface 
rather than the surface of the original sand particles. This is 
quite similar to the effect of hydrated lime in improving the 
resistance of asphalt mixtures to moisture damage. 

The effectiveness of the foaming process was found to be 
more pronounced at pavement service temperatures above 
30°C. Foamed-asphalt mixes have higher tensile strength and 
resilient modulus values than those for corresponding hot­
asphalt mixtures over the range of elevated service pavement 
temperatures. 

Measured against the criterion of subgrade deformation 
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FIGURE 19 D!str!but!on of monthly damage to different subbase 
pavement materials for Pavement 2. 
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TABLE 5 PREDICTION OF PERMANENT DEFORMATION AT MAAT = 31 cc 

Creep 
Pavement Vtsccff Tcff Curve E-Modulus Siiit ,Y~C smix 6h 
System (N-sec/m2) (CC) Slope (q) (N/rrf.) w (Nim ) (N/m2) z cm (mm) 

1a 
FSA 1.0 x 1<>3 42 0.08 4.3 x toll 1.6 x 107 9.0 x 10-3 8.0 x 106 0.3 2.0 5.40 
HSA 2.0 x ta4 42 0.18 3.8 x 108 4.5 x 1<>5 6.6 x 106 4.2 x 106 0.3 1.6 8.30 

2b 
FSA 1.5 x 1<>3 40.8 0.08 4.5 x 108 1.6 x 108 1.4 x 10-3 6.8 x 106 0.2 2.0 4.20 
HSA 2.3 x 1a4 40.8 0.18 4.1 x toll 4.5 x 106 7.6 x 10-1 2.8 x 106 0.2 1.6 8.25 

Nom: FSA= foamed sand-asphalt mixes, 4.0 percent by weight 310-pen bitumen; HSA =hot sand-asphalt mixes, 6.5 percent by weight 67-pen bitumen. 
asAL = 2.2 x 1<>5. 
bsAL = 2.2 x 106• 

damage, foamed-asphalt base and subbase layers under the 

assumed local curing conditions are superior to unbound mate­

rials such as sand-gravel mix. At the local prevailing tempera­

tures (MAAT = 31°C) foamed-asphalt mixes are structurally 

equivalent to corresponding hot sand-asphalt mixes. This indi­

cates that, because of significant cost savings, sand stabilization 

with foamed asphalt could be an attractive alternative to either 

conventional hot-asphalt mixes or granular base materials. 

At the local high pavement temperatures, cured foamed­

asphalt base layers showed higher resistance to permanent 
deformations than did corresponding hot-asphalt layers. This is 
related partly to the improved low stiffness properties of the 
foamed mixes and partly to the relatively low asphalt content. 
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