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Oxidation of the asphalt ic biader in bituminous pavements i s a frequent cause 
of pavement fa i lure . T h e hardening, or loss of penetration of the asphalt 
which resu l t s f r o m oxidation o c c u r s gradually over the l i fe span of the pave
ment. It can a lso take place f a i r l y rapidly at the elevated temperatures used 
during mixing operations. 

T h i s paper descr ibes some of the phys i ca l and chemica l effects of d i rec t 
chlorination on road building asphalts . In the laboratory, e3q)erimental data 
have been obtained which indicate that the oxidizabil ity of the asphalt may be 
mater ia l ly reduced by treatment with chlorine . 

T h e action of chlorine on asphalt i s in many respects s i m i l a r to that of 
oxygen. However, it i s to be expected that the loss of penetration resul t ing 
f r o m treatment with l imi ted amounts of chlorine w i l l be l e s s than that r e 
sulting f r o m a chemica l ly comparable amount of oxidation. Because of the 
fact that chlorine i s in general more active chemica l ly than oxygen, it i s 
a l so to be expected that the compounds formed in asphalt by treatment with 
chlorine w i l l be re la t ive ly stable and that the res i s tance of the asphalt to 
oxidation w i l l be increased . 

In the laboratory, eight sample.^; of asphalt cement were subjected to d i 
rec t chlorination. T e s t s per formed on the samples before and after c h l o r 
ination, including the A n d e r s o n - S t r o s s - E U i n g s tests , indicate that although 
the penetration of the asphalt cements tested i s decreased by chlorination, 
the res i s tance to hardening i s greatly increased . 

# F A I L U R E S of asphalt pavements other than those result ing f r o m poor subgrade con
ditions or faulty pavement design appear to be due p r i m a r i l y to one of two causes ; s tr ip
ping, or hardening of the asphalt . 

L o s s of penetration or hardening o c c u r s gradually by weathering over the l i fe span of 
the pavement. It can a lso take place f a i r l y rapidly at the elevated temperatures used 
during mixing operations. In the case of asphalts containing appreciable amounts of v o l 
ati le m a t e r i a l s , the drop in penetration may be caused by loss of these m a t e r i a l s through 
evaporation. In the case of most asphalts , however, it has been shown that the harden
ing i s caused by oxidation of cer ta in constituents of the asphalt . 

T h e r e a r e many fac tors which influence the occurrence and rate of fa i lure of a b i tum
inous pavement by gradual oxidation or weathering; among these being the susceptibi l i ty 
of the asphalt to oxidation, the average temperature to which the pavement i s exposed, 
the density of the pavement, and the amount of asphalt ic binder present in the mix . Since 
the oxidation of asphalt ic m a t e r i a l s i s catalyzed by heat and by act in ic light r a y s , o x i 
dation begins on the sur face of the pavement and p r o g r e s s e s gradually downward. T h e 
sur face becomes br i t t le , c r a c k s appear which permi t the entrance of a i r and mois ture , 
and eventually the pavement f a i l s . 

Because of the high temperature (300 to 350 F . ) used in mixing sheet asphalt or b i 
tuminous concrete made with asphalt cement, oxidation can occur very rapidly and there 
may be a s ignif icant drop in penetration before the m i x i s even in p lace . In this c a s e , 
the expected l i fe span of the pavement i s mater ia l ly shortened. 

It i s the purpose of this report to descr ibe some of the p h y s i c a l effects of d i rec t c h l o r 
ination on road building asphal ts , and to present e3q)erimental data suggesting that the 
loss of penetration result ing f r o m oxidation may be mater ia l ly reduced by treatment with 
chlor ine . 

T H E O R E T I C A L B A C K G R O U N D 

Asphalt , e i ther natural or manufactured, i s a mixture of var ious organic compounds 
which have been a r b i t r a r i l y c l a s s i f i e d a s : (1) carboids , that fract ion of the asphalt which 
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i s insoluble in carbon disulf ide; (2) carbenes , the fract ion which i s insoluble in carbon 
tetrachloride but soluble in carbon disulfide; (3) asphaltenes, which a r e soluble in carbon 
tetrachloride but insoluble in low boiling saturated hydrocarbons; and (4) maltenes , which 
a r e soluble in low boiling saturated hydrocarbons such as pentant (12). T h e s e constitu
ents exis t in asphalt in vary ing proportions a s a col loidal mixture,"ERe asphaltenes m a k 
ing up the m a j o r portion of the d i sperse phase, while the in termice l lu lar phase cons is t s 
p r i m a r i l y of the maltenes . Except in highly c r a c k e d or oxidized asphalts , the percentage 
of carbenes and carboids i s v e r y low. 

About 35 to 60 percent of the compounds in the maltene group a r e saturated paraf f in ic 
compounds. F r o m 10 to 30 percent a r e a l i c y c l i c compounds of the cyclohexane type, and 
the balance of the maltene fract ion i s made up of aromat ic compounds ei ther in aromat ic 
s t ruc ture o r in var ious combinations with the paraf f ins and a l i c y c l i c compounds. 

L i t t l e i s known concerning the true nature of the asphaltenes. A n a l y s i s has shown, 
however, that they can be considered as "consisting of aromat ic hydrocarbons contain
ing paraff in chains to a vary ing extent, depending on the origin and manufacture of the 
bitumen" (12). 

Oxidation of an asphalt at e i ther high o r low temperature resu l t s in a br i t t l e , ge l -
type col loid if the oxidation i s c a r r i e d f a r enough. According to Abraham: 

T h e effect of oxidation i s two-fold, and involves the d irec t union of oxygen 
with the bituminous substances , a l so the elimination of a portion of the hydro
gen or carbon in the f o r m of water or CO2. These react ions may be expressed 
roughly a s follows: 

C x H y + O C x H y O (1) 

C x H y + O — • C x H y - » + H2O (2) 

a l s o 
C x H y + 20 — • C x - ' H v + CO2 (3) 

(1, p. 1464) 
A react ion of Type 2 requires a greater amount of activating energy such as heat or 

act in ic light r a y s than a reaction such as that indicated by Equation 1, while a reaction 
of the type shown in Equation 3 requires s t i l l further amoimts of energy to p r o g r e s s in 
the direct ion indicated. It i s highly improbable that oxidation of Type 3 could occur even 
at the elevated temperatures used at the mixing plant. 

F r o m the standpoint of molecu lar s t ruc ture , oxidation without doubt resu l t s in the 
formation of l a r g e r molecules through react ions c lose ly akin to polymerizat ion and c o -
condensation. In the c a s e of oxidation by s imple addition, c r o s s - l i n k a g e s of an "ether 
bridge" type may be formed: 
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In the case of oxidation of the second type, c r o s s - l i n k a g e s may be formed with the 
e l imination of hydrogen as water: 
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O r a sort of polymerizat ion may take place with el imination of hydrogen and no a d 
dition of oxygen: 
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In any c a s e , these react ions tend to resu l t in a gel s tructure of the formation of 
c r o s s - l i n k e d "chain" type molecules . T h i s resu l t s at f i r s t in an increase in e las t i c prop
er t i e s of the asphalt , and f ina l ly in br i t t l eness a s the reaction proceeds further and fur ther . 

Although P f i e f f e r speaks repeatedly of asphaltene formation a s a re su l t of oxidation, 
there i s no indication that compounds a r e formed which resemble the asphaltenes c h e m 
i c a l l y . Dur ing oxidation, a s has been shown above, compoimds a r e formed which have 
l a r g e r molecules and a more complex molecu lar s tructure . T h e s e compounds a r e l e s s 
soluble than the or ig ina l compounds in low boiling hydrocarbons such as pentane, they 
have higher melting points, and in most c a s e s they would tend to be more br i t t le and 
l e s s ductile. It i s therefore to be expected that an oxidized asphalt would have a lower 
penetration, a higher R and B temperature and that it would be l e s s ductile tb^n the 
or ig ina l m a t e r i a l . 

T h e action of chlorine on asphalt i s in many respec t s s i m i l a r to the action of oxygen. 
If any compounds a r e present in the asphalt with olef inic double bonds, the react ion w i l l 
be one of s imple addition: 
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No c r o s s - l i n k a g e s w i l l be formed , s ince chlorine i s monovalent. C h l o r i n e may a l so 
r e a c t with the hydrocarbons with the el imination of hydrogen in the f o r m of hydrochlor ic 
ac id : 
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A s in the case of oxidation, the s imple addition reaction w i l l take place more r a p 
idly at lower temperatures than the react ions involving the el imination of hydrogen. 

T h e idea of chlorinating asphalt i s not new, and some of the propert ies of asphalt 
treated with comparat ive ly large amounts of chlorine have been investigated. 

Reaction with chlorine i s an alternative technique by which asphalt ic 
bitumen posses s ing cer ta in s p e c i a l propert ies can be produced. 

T h e action of chlorine i s l ike that of su l fur and oxygen, i . e. chlorine 
withdraws hydrogen. T h e greater part of the added chlorine escapes in 
the f o r m of hydrochlor ic a c i d . 

J u s t a s with su l fur , this react ion takes place at a lower temperature 
than i s the case with oxygen, proceeding with ease at 200 C . . . . the action 
of the chlorine (compared with that of oxygen) on a Venezuelan asphalt ic 
bitumen i s shown in the following table. 

T h e considerable analogy between the action of chlorine and that of ox
ygen i s evident. A little more chlorine i s , however, combined in the b i 
tumen (12, p. 146). 

T A B L E 1 

T r e a t m e n t of Venezuelan Bitumen with Chlor ine 

(base stock: pen. at 25 C . 178, temp. R & B 39. 5 C . ) 60/80 asphaltenes 12.3% 

Treatment Blowing 
E x p e r i m e n t a l Conditions with Chlor ine with a i r 

T e m p e r a t u r e , deg. Centigrade 200 250 
Consumption of agent 

per k i logram of asphalt 78g .Cl2 21g. O2 
Volat i le react ion products formed 7 3 g . H C l abt. 22. 5g. H2O 
Hydrogen withdrawn f r o m asphalt 2g. 2 .5g 
Agent absorbed (calculated) 7g .Cl2 abt. 1 g. O2 
P r o p e r t i e s of f ina l products: 

22 P e n . at 25 C . 26 22 
T e m p . R & B 82 84 
60/80 asphaltenes, % 26.3 28 .4 

(12. p. 147) 

It can be seen f r o m this table that both chlorination and oxidation of asphalt resu l t in 
a decrease in penetration, an i n c r e a s e in R & B temperature , and an increase in the 
"asphaltene" content (percentage of the asphalt insoluble in a mixture of paraff in ic hydro
carbons with a boiling range between 60-80 C ) . 

T h e change in phys ica l propert ies which occur a s a resul t of causing 78 g r a m s of 
chlorine to r e a c t with 1 kg. of asphalt a r e p r a c t i c a l l y identical with the changes which 
occur a s a r e s u l t of the action of 21 g r a m s of oxygen on the same asphalt. I f , molecule 
for molecule , the action of chlorine were identical with that of oxygen, it would be r e a 
sonable to expect that much l e s s than 78 g r a m s of chlorine would be required to produce 
this resu l t . However, a s has been e3Q)lained prev ious ly , the "ether br idge ," or c r o s s -



l inking type of react ion does not occur with chlorination. T h e r e f o r e it i s to be expected 
that the average molecu lar weight of the compounds formed by chlorination w i l l be lower 
than that of the compounds formed by oxidation. If a sample of asphalt i s treated with a 
given molecular quantity of oxygen, and another sample of equal weight i s treated with 
the same molecular quantity of ch lor ine , the p h y s i c a l propert ies of the sample subjected 
to chlorination w i l l change in the same direct ion a s those of the oxidized sample , but to 
a much s m a l l e r extent. 

When an asphalt i s subjected to d irect chlorination, the f i r s t react ion which takes 
place i s one of s imple addition at olefinic double bonds. T h e s e compounds w i l l not be a s 
eas i ly oxidized a s the unchlorinated compounds s ince they a r e now "saturated ." A s 
chlorination p r o g r e s s e s , hydrogen w i l l be displaced by chlorine at other react ive points 
in the molecules . Although some polymerizat ion w i l l take p lace , the loss in penetration 
and ductility of the asphalt w i l l not be a s great a s if a comparable amount of oxidation 
had o c c u r r e d . F u r t h e r m o r e , future oxidation w i l l be retarded, s ince oxidation cannot 
take place at those points in the molecule which have a lready reacted with chlor ine . 

L A B O R A T O R Y P R O C E D U R E S 

Eight samples of paving asphalt obtained f r o m var ious manufacturers were tested in 
the laboratory. Of these sample s , four were subjected to chlorination to determine the 
change in phys i ca l propert ies , any increase or decrease in re s i s tance to oxidation, etc. 
Data furnished by the manufacturers i s a s follows: 

Asphalt A . 100/120 penetration paving asphalt . 
Asphalt B . 20/30 penetration p r e s s u r e s t i l l t a r produced a s a re su l t of c r a c k i n g 

operations. M . P . 120-130 F . 
Asphalt C . F l a s h point (deg. Fahrenhei t ) -575; penetration, 77 F . - 6 7 ; ductil ity, 

77 F . -150; ductil ity, 60 F . - 1 5 0 ; sp. g r . , 77 F . - 1 . 0 1 9 ; s o L C C U , %-99.7; o l i ens i s 
spot test-negative. 

A f t e r Shattuck oxidation test: penetration, 77 F . -25; ducti l ity, 77 F . -150. 
Asphalt D . F l a s h point (deg. Fahrenheit ) -585; penetration, 77 F . -66; ductil ity, 77 F . 

150; ducti l ity, 60 F . -150; sp. gr . ,77 F . - 1 . 1 0 1 6 ; s o L C C U , %-99.8; o l iens i s spot test-
negative. 

A f t e r Shattuck oxidation test: penetration, 77 F . -45; ductil ity, 77 F . -150. 
Asphalt E . 85/100 penetration paving asphalt f r o m West T e x a s crude. 
Asphalt F". 85/100 penetration paving asphalt f r o m N e a r E a s t crude . 
Asphalt G . 85/100 penetration paving asphalt f r o m K a n s a s crude . 
Asphalt H". 85/100 penetration paving asphalt f r o m Wyoming crude . 
Asphalts E , F , G , and H were products of the same company, and asphalts E and F 

were produced at the same r e f i n e r y . Accord ing to the manufacturer , asphalt B "is a 
p r e s s u r e s t i l l tar which by nature of having been produced a s a re su l t of c r a c k i n g oper
ations contains a high percentage of unsaturated hydrocarbons ." 

Chlorinat ion 

Samples of each asphalt imder consideration were treated with two different quantities 
of chlorine and tested to m e a s u r e the change in phys i ca l propert ies , r e s i s tance to ox
idation, etc. 

Chlorinat ion was c a r r i e d out in the laboratory by "blowing" the asphalt with dry ch lo 
r ine at a temperature of 150 C . T h i s comparat ively low temperature was chosen to 
favor s imple addition react ions over those involving substitution. Ch lor ine was "blown" 
through 500-gram samples of asphalt with constant agitation at a rate of 100 c c . per 
minute. T h e react ions were c a r r i e d out in 1 l i t er E r l e n m e y e r f l a s k s . 

In an attempt to determine the degree of chlorination which would produce the best 
overa l l r e s u l t s , each asphalt was chlorinated to the point where hydrogen chlor ide was 
evolved at the react ion temperature . T h e evolution of hydrogen chloride was detected 
by pass ing the gases emerging f r o m the react ion f l a s k f i r s t over dry m e r c u r y , and then 
into a beaker containing a solution of s i l v e r nitrate . Any chlorine present in the mixture 
of gases reacted with the m e r c u r y to f o r m m e r c u r i c chlor ide . T h e presence of hydro
gen chloride in the mixture was detected by a dense white precipitate of s i l v e r chlor ide 
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in the s i l v e r nitrate solution. A f t e r chlorination, the asphalt was heated to 200 C . for 
a per iod of 30 minutes to dr ive off any remaining hydrogen chloride. 

T h e change in p h y s i c a l propert ies of the asphalt ( i . e. loss in ductility and penetra
tion) result ing f r o m this f i r s t attempt at chlorination was so great a s to offset any a d 
vantage gained in reducing the oxidizabil i ty. T h e r e f o r e , a s m a l l e r amount of chlorine 
was used in treating the second s e r i e s of samples . 

Because of t ime l imitat ions , tests were not run on chlorinated samples of asphalts 
E , F , G , and H . E x c e p t for a sl ightly higher penetration, the propert ies of E , F , G , 
and H resembled those of C and D . 

T e s t s on P h y s i c a l P r o p e r t i e s 

Specif icat ions for determining the R & B softening point, the ductil ity, and the pene
tration permi t a cooling t ime in a i r of only H to 2 hours before immers ion of the s p e c i -
ment in a water bath p r i o r to the test. P fe i f f er has shown (12, pp. 157-160) that these 
propert ies may change considerably if the cooling time in a i r i s increased or decreased 
only v e r y sl ightly. T h e r e f o r e specimens used in performing these tests were al lowed 
to stand at room temperature for f ive days before i m m e r s i o n in the water bath. A f t e r 
a f ive -day "curing" period any change in propert ies which might resu l t f r o m allowing 
the spec imens to remain in a i r at room temperature for an additional few hours would 
be negligible (12, p. 159). 

Softening Point , Ring and B a l l (AASHO T 53-42) . Except for the f ive -day cur ing p e r -
iod mentioned above, this test was per formed exactly in accordance with the s p e c i f i c a 
tions. T h e re su l t s a r e s u m m a r i z e d in Tab le 2. 

Duct i l i ty (AASHO T 51-44) . Duct i l i ty tests were c a r r i e d out at a temperature of 25 
C . (77 F . ) . Except for the f ive -day curing per iod, the tests w e r e c a r r i e d out in a c c o r d 
ance with spec i f icat ions . 

Penetrat ion (AASHO T 49-44) . T h e penetration of each sample was obtained at 0 C . 
(32 F . ) with a 200-gram weight, penetration t ime 60 seconds; at 25 C . (77 F . ) with a 
100-gram weight, penetration t ime 5 seconds; and where possible at 46 .1 C . (115 F . ) 
with a 50 -gram weight and a penetration t ime of 5 seconds. Except for the f ive -day c u r 
ing per iod , the tests were per formed in accordance with the speci f icat ions . 

Determinat ion of the Percentage of Bitumen Soluble in Carbon Disul f ide (AASHO T 58-
31)'. T h i s test was p e r f o r m e d in accordance with the psec i f icat ions . 

Percentage of Bitumen Insoluble in P a r a f f i n Naphtha (AASHO T 46-35) . T h i s test was 
per formed in accordance with the spec i f icat ions , except that pentane was used as the s o l 
vent ra ther than the higher boiling fract ion spec i f ied . 

T e s t s of Susceptibil i ty to Oxidation 

A l l of the proposed tests for oxidizabil i ty of road asphalts suf fer f r o m one or both of 
two defects . Most of the tests a r e c a r r i e d out at temperatures we l l above the max imum 
temperatures found in bituminous pavements in p lace . Under these c i r c u m s t a n c e s , ox
idation w i l l be acce lerated , which i s des irable , but a s explained in the preceding pages 
the percentage of substitution react ions ( i . e. el imination of hydrogen a s water) w i l l be 
higher than it would be if the test were c a r r i e d out at lower temperatures . T h e s e tests 
can be used to predict oxidation during mixing operations, but they may not corre la t e 
we l l with performance of an asphalt pavement subject to oxidation by weathering. 

T h e second defect found in many of the tests i s that at some point during the test the 
asphalt i s extracted or disso lved in an organic solvent such as benzene or carbon t e t r a 
chlor ide . T h e solvent i s d is t i l l ed off, and standard tests a r e run on the res idue . A l 
though it i s possible to prevent fur ther oxidation during dist i l lat ion by dist i l l ing under 
carbon dioxide, it i s often not possible to get r i d of a l l the solvent. Obviously a v e r y 
s m a l l amount of solvent remaining in the res idue w i l l dras t i ca l l y a l ter the phys i ca l 
propert ies . 

T h e well-known Shattuck test i s a c a s e in point. T h i s test sxiffers f r o m both the 
above-mentioned defects . 

In 1942, A . P . Anderson , F . H . S t r e s s , and A . F i l i n g s of the Shel l Development C o m 
pany proposed two tests for predict ing the susceptibi l i ty of an asphalt to oxidation. T h e 



f i r s t of these tests i s s imple in nature and involves nothing more than measur ing the loss 
of penetration on heating. T h e second test proposed by these authors involves oxidation 
of the asphalt in a bomb with gaseous oxygen under p r e s s u r e . T h i s test i s p a r t i c u l a r l y 
suitable for predict ing oxidation under weathering conditions s ince the temperatures i n 
volved do not exceed 50 C . 

Accord ing to the authors , a standard loss of penetration on heating test does not c o r 
relate v e r y we l l with behavior of the asphalt in s e r v i c e because the or ig inal penetration 
of the asphalt i s not taken into consideration. The loss of penetration on heating i s ex
p r e s s e d as a percentage of the orig inal penetration. 

A number of investigators have established the fact that when penetra
tion of an asphalt drops below a cer ta in point, the road in which the asphalt 
i s incorporated w i l l f a i l because of br i t t leness . T h e obvious conclusion, 
which a lso has been general ly accepted in prac t i ce , i s that a softer asphalt 
has the advantage over a harder asphalt of s i m i l a r hardening c h a r a c t e r i s 
t i c s , s ince the f o r m e r w i l l take longer to r e a c h a c r i t i c a l penetration (5, p. 45). 

T h e authors have developed the following method which takes into account the or ig ina l 
penetration of the asphalt: 

The asphalt spec imen i s heated, in the conventional manner , to 16 C . 
for 5 hours in a standard oven after which the penetration of the sample i s 
taken; this p r o c e s s i s then repeated. T h e logarithms of the penetrations 
after 5 and af ter 10 hours a r e plotted against t ime in hours . A straight 
line i s drawn through the two points and extended to 10 penetration, which 
i s used as the x a x i s . T h e intercept on the x a x i s gives some indication 
of the time required by the asphalt to drop to this penetration and i s t ermed 
the res i s tance to hardening. 

Res i s tance to hardening 5 I \ + 5 
• yx-1 ' 

y i - y a . 

y i log penetration af ter 5 hours' heating 
y2 log penetration after 10 hours ' heating 

(5, p. 46) 
In order to corre la te the re su l t s of this test and those of the oxygen bomb test with 

the performance of the asphalt in a pavement the authors use a s e r v i c e rat ing. 
The s e r v i c e rat ing i s a measure of the performance of an asphalt , and 

is derived f r o m experimental paving sect ions in which the asphalts were 
used imder mixing and laying conditions which were a s well s tandardized 
as poss ible . T h e s e sections were s t r ips of pavement la id in the San F r a n 
c i s c o Bay A r e a which were imiformly subject to light traf f ic f o r the per iod 
of one y e a r . T h e ratings were made v i sua l ly according to the amount of 
ravel ing exhibited by the pavement and cannot lay c l a i m to a prec i s i on 
greater than one unit. . . . Ratings 1 and 2 s ignify a v e r y good per formance , 
4, 5, and 6 poor to v e r y poor performance . T h e borderl ine c a s e s a r e 
rated a s 3 (5, p. 45). 

In experiments conducted by Anderson, et a l . , the s e r v i c e rating showed only a f a i r 
corre la t ion with resu l t s obtained in a standard loss of penetration on heating test . One 
asphalt which hardened as little a s 12 percent had a s e r v i c e rat ing of 4, while another 
with a penetration drop of 20 percent performed excellently. T h e corre lat ion of the 
s e r v i c e rating with the Res i s tance to Hardening value was , however, v e r y high. A l l a s 
phalts with a re s i s tance to hardening value between 55 and 100 had s e r v i c e rat ings of 3 
o r better, while asphalts with res i s tance to hardening values below 55 had poor s e r v i c e 
rat ings . 

In spite of the high corre la t ion of the resu l t s of this test with i n - s e r v i c e per formance 
ratings of the asphalt , the test su f fers f r o m the disadvantage that the asphalt i s heated to 
160 C . In order to el iminate the effect of high temperatures , Anderson, S t r e s s , and 
E l l i n g s developed a test in which the oxidation takes place at 50 C . 

. . . the t ime n e c e s s a r y for an asphalt to drop to the c r i t i c a l penetration 
under standardized oxidizing conditions should be a measure of the d u r 
abil ity of an asphalt . Since the attainment of the penetration would in 
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most c a s e s take too long at the low test temperatures stipulated, it i s n e c 
e s s a r y to develop a method of predict ing this time f r o m the behavior at 
shorter t imes . D i r e c t extrapolation proved impossible , for it was foimd 
experimental ly that the penetration i s not a s imple function of t ime. 

T h e solution found was to combine the oxygen-absorption behavior of the 
asphalt , in amount and rate at a f ixed t ime, with the hardening caused by a 
given oxygen absorption. 

T h e oxidation i s c a r r i e d out in a s ta in l e s s - s t ee l bomb. . . . 
T h e bomb i s i m m e r s e d . . . in an o i l bath which can be regulated to 

0.1 C . at the working temperature. F o r observation of the p r e s s u r e , an 
automatic r e c o r d e r , or for more accurate work, a Bourdon-type gage 
which can be est imated to 0. 2 p s i . can be used. 

One hundred g r a m s of the w a r m asphalt a r e poured into a 240 -ml . (8-
ounce) o i l - sample bottle containing 67 grams of C . P . benzene. A f t e r 
weighing, the bottle i s shaken until the solution i s homogeneous; when it 
has reached room temperature , it i s placed in the bomb, which i s at 25 C . 
Next, the bomb i s sea led and f lushed with oxygen by charging it to 100 
p. s . i . g. . . . and re leas ing it again. T h e flushing i s repeated and the 
bomb i s then charged with oxygen at sl ightly more than 100 p. s . i . g. A f 
ter a short per iod (15 minutes) to test for possible l eaks , the p r e s s u r e i s 
adjusted to 100 p. s . i . g. and the temperature i s r a i s e d to 50 C . T h e p r e s 
s u r e i s recorded f r o m now on, either continuously by automatic r e c o r d e r 
or manual ly , a s required f o r the plot descr ibed below. F o r each asphalt 
a r im of 40 hours (or longer, for greater accuracy) . . . and s e v e r a l short 
e r runs of vary ing length a r e made. At the end of each run , the oxygen i s 
r e l e a s e d , and the asphalt i s recovered as soon as poss ible to prevent its 
hardening in the solution. . . . T h e penetration of the asphalt i s then 
measured . The data so obtained a r e used in the following manner: 

T h e p r e s s u r e drop i s found by subtracting the observed gage p r e s s u r e 
f r o m the p r e s s u r e of the or ig inal sys tem at 50 C . T h i s datum p r e s s u r e 
calculated f r o m the gas law and correc ted for the solubil ity of the oxygen 
in the solution, the increase in vapor p r e s s u r e of the benzene . . . i s ap
proximately 108 p. s . i . g. for the sys tem under consideration. T h i s v a l 
ue . . . was used in a l l calculat ions . 

T h e p r e s s u r e drop i s plotted against t ime. . . . F r o m this graph, the 
p r e s s u r e drop at 40 hours and the slope of the tangent at this point- (in p s i . 
per hour) a r e evaluated. T h e product of the p r e s s u r e drop and the slope 
is ca l l ed the oxidation rat ing. . . . 

Next, the logarithm of the penetration after oxidation i s plotted against 
the p r e s s u r e drop. . . . T h e amount of oxygen needed to reduce the pene
tration to the value of 20 i s obtained by extrapolation and i s ca l l ed the 
hardening rat ing and i s expressed in p s i . 

T h e deterioration index indicative of the s e r v i c e behavior of an asphalt 
i s obtained f r o m the two quantities as follows: 

T h e oxidation rating re lates the oxygen consumption of the asphalt to 
t ime by multiplying the oxygen p r e s s u r e drop at 40 hours by the rate of 
oxygen consumption at that t ime. . . . 

T h e hardening rat ing was derived f r o m the l inear relationship which 
was foimd to exist between the oxygen consumption and the logarithm of 
penetration. . . . 

T h e rat io of the two ratings gives the des i red relat ion of c r i t i c a l ox
ygen consumption to t ime and . . . i s expressed d irec t ly in p s i . p e r hour; 
it therefore has the dimensions of a ra te , and represents the rate at which 
asphalts deteriorate (5, p. 47-49) . 

In experiments c a r r i e d out by the authors , this test corre la t ed v e r y we l l with the 
s e r v i c e rat ings of the asphalt . A deterioration index lower than 15 indicates ful ly s a t i s -
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A no CU 44 37 82 107 352 75 69 100+ 4.3 3.8 0.38 n 100 21.5 0.01 15.8 123 2.3 
A 0.118 49 30 61 79 262 61 59 100+ 4.3 3. 8 0.37 n 100 23.3 0.01 3.1 269 1.9 
A 0.495 58 9 23 29 92 24 24 24. 5 4.0 3.6 0.32 n 100 27.1 0.01 -4.4 1.9 
B no Cla 48 8 21 29 99 17 13 100+ 4.7 4.3 0.46 I 100 26.2 0.04 38.1 15 19.8 
B 0.383 55 2 15 19 66 15 15 100+ 4.4 4.3 0.39 n 100 31.2 0.01 0 2.1 
B 0.735 64 3 10 12 39 11 10 10.5 3.9 3.6 0.25 n 99.7 37.7 0.01 0 2.4 
C noCb47 21 42 55 185 33 26 100+ 4.4 3.9 0.41 n 100 23.8 -0.03 38.1 30 15.4 
C 0.187 54 11 34 43 141 33 33 100+ 4.3 3. 8 0.38 n 100 26.1 0.01 2.9 5.3 
C 0.431 62 7 15 19 61 14 16 34.5 4.1 3.7 0.33 n 100 30.3 0.01 -6,7 2.0 
D no CI2 46 18 47 61 201 40 34 100+ 4.3 3.9 0.39 n 100 22.4 0.01 27,6 48 13.1 
D 0.236 51 22 45 58 189 43 40 100+ 4. 2 3.7 0.37 n 100 25.7 0.01 11.1 105 3.1 
D 0.379 60 6 12 15 49 13 13 45.5 4.1 3.6 0.34 n 100 27.8 0.01 -8.3 2,0 
E no CI2 44 IS 63 84 277 44 31 100+ 4.4 4.1 0.41 n - - 0.04 50.9 26 -
F no CI2 43 28 72 05 316 59 48 100+ 4.4 4.0 0.40 n - - 0.91 33.3 48 -
G no Cla 46 26 65 84 273 54 45 100+ 4. 2 3. 8 0.37 n - - 0.00 30.8 52 -
H no Cla 46 18 58 75 244 41 30 100+ 4.2 3.9 0.36 n - - 0.01 48.2 28 -

In performing the 

factory performance . If the index i s above 20, poor durabil i ty can be expected. 
In the laboratory the res i s tance to hardening test was c a r r i e d out in accordance with 

the procedure outlined by Anderson , S t r e s s , and E U i n g s . In obtaining penetration data, 
the spec imens were al lowed to "cure" for f ive days a s previous ly descr ibed. The r e 
sults a r e given in Tab le 2 and F i g u r e 1. Owing to lack of a s ta in less s tee l bomb, it was 
n e c e s s a r y to modify somewhat the procedure outlined for performing the oxygen bomb 
test. In place of the bomb descr ibed by Anderson et a l , , use was made of s m a l l c o m 
p r e s s e d gas cy l inders known as "lecture bott les ." T h e s e cy l inders which a r e ord inar i ly 
used to dispense compres sed gases for laboratory demonstration have a capacity of about 
250 m l . and a r e fitted with a removable valve to faci l i tate ref i l l ing, 
test, the cy l inder va lves were removed, 
and the asphalt solutions were poured into 
the c y l i n d e r s . T h e valves were then r e 
placed, and the cy l inders f lushed and 
f i l l ed with oxygen as descr ibed by A n d e r 
son. Bourdon-type gages with s c a l e s 
reading f r o m 0 to 100 ps i , were then a t 
tached to the va lves . T h e cy l inders were 
then i m m e r s e d in a water bath at 50 C . 

In a l l other respec t s , the test was p e r 
formed in accordance with Anderson's 
procedure . T h e resu l t s a r e given in 
Table 2. 

It should be emphasized that this test 
was per formed with equipment differing 
f r o m that used by Anderson , and that the 
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Figure 1. Resistance to hardening of chlor
inated and unchlorinated asphalts. 
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values obtained f r o m the deterioration index cannot be compared with those obtained by 
Anderson. Since it was impossible to standardize the equipment used with asphalts of 
known performance , the values obtained a r e purely re lat ive . 

Stripping T e s t 

A s imple stripping test known as the T y l e r wash test was per formed with asphalts 
A , B , C , and D , both imchlorinated and chlorinated, to determine the comparative s u s 
ceptibil ity to stripping action. L imestone and chert were used as aggregates. 

F o r this test , descr ibed completely by T y l e r (14), a 500-gram sample of each ag 
gregate was coated with 5 percent by weight of each asphalt. A f t e r a 24-hour curing 
period, the coated aggregate was separated into part i c l e s and placed in a j a r with one 
l i t er of d is t i l l ed water . The j a r was then placed in a r a c k built to f i t into a standard 
Ro-tap machine and shaken for 30 minutes. The aggregate was removed f r o m the j a r , 
al lowed to d r y , and rated for stripping on a ten-point s ca l e . On this s c a l e , 0 denotes 
no stripping, 1 to 3 slight stripping, 4 to 7 moderate stripping, and 8 to 10 excess ive 
stripping. Tab le 3 gives average values based on the ratings of four o b s e r v e r s . 

T A B L E 3 

T Y L E R W A S H T E S T 
Degree of Stripping f r o m C h e r t and Limestone using 

Unchlorinated and Chlorinated Asphal t s 

C h e r t L imestone 

B 

unchlorinated 3* 1 
0.495% CI2 1 1 

imchlorinated 2 1 
0.735% CI2 1 1 

unchlorinated 2 2 
0.431% CI2 0 1 

unchlorinated 2 1 
0.379% CI2 1 1 

*0 - 3 , sl ight stripping; 4 - 6 , moderate stripping; 
7 - 10, s evere stripping. 

C O M M E N T S 

T h e changes in phys i ca l propert ies result ing f r o m chlorination of the asphalts tested 
a r e in complete agreement with theory. With increas ing amounts of chlorination, the 
penetration at a given temperature i s decreased , the r ing and b a l l softening point i s i n 
c r e a s e d , the percentage by weight of the asphalt insoluble in pentane i s increased , the 
slope of the log. t ime v e r s u s log. penetration curve i s decreased , the temperature s u s c e p 
tibil i ty factor i s decreased , and the ductility i s decreased . T h e s e changes a l l indicate that 
when an asphalt i s chlorinated there i s a tendency toward the formation of a gel s tructure . 

T h e resu l t s obtained in the l o s s of penetration on heating test (res i s tance to harden
ing) suggest that it may be possible to reduce mater ia l ly the loss of penetration due to 
high temperature oxidation by chlorinating the asphalt . No asphalts containing an ap
prec iable amount of volati le m a t e r i a l were used in the chlorination experiments . T h e r e 
fore it can be a s s u m e d that any loss of penetration on heating was the r e s u l t p r i m a r i l y 
of oxidation. 

Since a l l penetration tests were per formed af ter a f ive-day "curing" per iod, and 
s ince the values thus obtained a r e considerably lower than when the test i s per formed 
according to A A S H O standards , the res i s tance to hardening value of 55 used by A n d e r 
son to differentiate between asphalts which p e r f o r m wel l and those which per form poor
ly does not apply. In the c a s e of the resu l t s obtained in the laboratory, the c r i t i c a l v a l 
ue of res i s tance to hardening would be s e v e r a l points lower than 55. 

T h e re su l t s obtained in the oxygen bomb test should not be cons idered conclus ive . 
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T h e use of high temperatures during oxidation i s avoided in this test , but the asphalt i s 
d isso lved in a solvent (benzene) f r o m which it i s la ter recovered . Although the benzene 
was dis t i l led off under carbon dioxide, thus preventing further oxidation of the asphalt , 
it was impossible to be cer ta in that a l l the benzene was el iminated. A s explained p r e 
viously , a v e r y s m a l l amount of benzene remaining in the asphalt w i l l cause a c o n s i d e r 
able increase in penetration. 

Accord ing to resu l t s obtained in the T y l e r wash test (Table 3) , chlorination of an a s 
phalt does not increase its tendency to s tr ip f r o m either a s i l i ceous aggregate, such a s 
chert , or a carbonate rock such as l imestone. In fact , the data suggest that the opposite 
may be true; chlorination may i n c r e a s e the adhesiveness of the asphalt in the presence 
of water . If this i s the c a s e , it can be explained by the fact that chlorination i n c r e a s e s 
the polarity of cer ta in constituents of the asphalt . 

C O N C L U S I O N S 

1. T rea tment of the asphalt samples tested in the laboratory with only a v e r y s m a l l 
amount of chlorine (0.1 - 0 .35 percent increase in weight of the asphalt) r e s u l t s in a 
v e r y great increase in the re s i s tance to hardening of the asphalt . F u r t h e r treatment 
with chlorine does not re su l t in a s ignif icant increase in res i s tance to hardening but may 
lower the ductility of the asphalt to a point where it i s no longer useful for highway con
struct ion. 

2. Chlorinat ion of an asphalt does not increase its tendency to s tr ip f r o m m i n e r a l 
aggregates in the presence of water . 
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