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This paper reviews the fundamental concepts related to adhesion 
and the stripping phenomenon in bituminous mixtures. Stripping, 
which may occur in only a small portion of the pavement, is con
sidered a great economic loss and an engineering failure in terms 
of proper mixture design. 

The factors affecting adhesion and adhesion failure are in
numerable. They include the material characteristics, construc
tion techniques, and diversified environmental conditions. Due 
to the extreme complexities of adhesion and adhesion failure 
phenomena in bituminous mixtures, a specific engineering prob
lem is analyzed in this report and the validity of the adhesion 
failure concepts is discussed . 

In the study, a hot-mix sand-asphalt mixture that had shown 
severe distress and disintegration in the field is subjected to nu
merous laboratory tests to evaluate the causes of stripping. The 
results indicated that standard test methods for effect of water 
on cohesion of compacted mixtures did not reveal any stripping 
tendencies. However, the application of dynamic loading on sat
urated mixtures resulted in drastic reduction in the compressive 
strength. Similarly, the creep response of mixtures was affected 
by the number of load repetitions. It is also shown that the soaked 
specimens under dynamic loading exhibit permanent deformation 
that may lead to failure in the sand-asphalt mixture. 

l()NE OF THE complex problems in the field of highway engineering, existing since 
asphalt paving technology came into existence, is stripping. The term stripping, as 
employed by highway engineers, denotes the occurrence of adhesion failure, or a weak
ening of the cohesive bonds within the asphalt-aggregate system. Although this phe
nomenon may occur in a small portion of the pavement structure, it is considered a 
great economic loss and an engineering failure in terms of proper mixture design. 

The factors affecting the adhesion failure -phenomenon are innumerable. They in
clude the material characteristics, construction techniques, and diversified environ
mental conditions. Realizing that theories related to adhesion and adhesion failure are 
still debatable for even the most simplified cases, it becomes evident that no single 
theory can be postulated at this time to predict the stripping phenomenon in bituminous 
mixtures. 

In this report, an attempt is made to find the causes of stripping observed in hot
mix sand-asphalt mixtures and to develop a realistic hypothesis and testing procedure 
for evaluation of these stripping char acteristics. 

LITERATURE REVIEW 

In an earlier report (!) of this investigat ion, the literature pertaining to the effect of 
water on bitumen-aggr egate mixtures was reviewed and many theoretical and practical 
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aspects of the subject were discussed. The result of this review can be summarized 
in three areas of scientific challenge, each with extreme complexity. They are under
standing adhesion mechanism, revealing the modes of adhesion failure in adhesive
adherent systems, and developing evaluation techniques for mate1•ial characterization. 
The study of the mechanism of adhesion, which encompasses mechanical interlock, mo
lecular orientation, chemical reaction, and inter facial energy, is beyond the scope and 
capabilities of this research project. However, it must be pointed out that each of these 
theories have their merits and limitations and are strongly supported by theoretical 
concepts. 

In the second area of scientific challenge, mechanics of adhesion failure, four basic 
hypotheses have been presented. They are displacement, film rupture, detachment 
theory, and pore pressure. Of course, it is obvious that owing to the complexities of 
material composition and the diversity of environmental conditions, no single mecha
nism may be adequate to explain the stripping phenomenon in bituminous mixtures. 
These concepts are briefly summarized as follows: 

1. Displacement Concept-According to this theory, the binder-aggregate junction 
in the presence of water becomes thermodynamically unstable and retracts to a more 
stable position (!, ; j). It is generally believed that this displacement is a function of 
viscosity; i.e., high viscosity binders show higher resistance to displacement. How
ever, it has been stated that, in order for displacement phenomena to be initiated in a 
mixture, the binder-aggregate interface should become exposed to the water phase. 
That is, well-coated aggregate particles may not exhibit any binder displacement unless 
the continuity of the aggregate coating is destroyed. 

2. Detachm ent Concept- Thia theory-attributes the adhesion o a. lh~.L·wui.lyua.tui 
replacement of the bitumen by a thin film of water that may come from either outside 
or from within the aggregate while the bitumen coating remains intact (E., .§., _'.!). The 
characteristics of the interface are believed to be very important in the detachment 
process. The water reaching the interface may become intimately associated with the 
lattice of the mineral surface. 

3. Film Rupture Concept-This theory explains the initiation of displacement in a 
well-coated aggregate. It is believed that dynamic loading and the kneading action of 
traffic induce rupture at the sharp cornP.rs of ::iggregate where the binder film is thin
nest (.!!, ~ 10). Once the binder is ruptured, water may easily displace bitumen on the 
aggregate surface, as previously discussed. 

4. Pore Pressure Concept-It has been postulated that the buildup of pore pressure 
in mixtures of high void content may result in stripping phenomena <; .!.!_). That 1s, 
on a wet surface of bituminous pavement, additional forces due to ti·alfic also act and 
these greatly exceed the thermodynamic forces. In a saturated pavement under dy
namic load, water is pressed into the pavement in front of the moving load and sucked 
out behind the wheel contributing to the stripping phenomena. 

Among these four cuncepls, lhe displacement and detachment theories can be classi -
fied as the primary causes of stripping and pore pressure; film rupture concepts are 
in fact only contributing to the phenomena. 

The third step in the analysis of adhesion is the development of realistic evaluation 
methods. In the last 40 years a great number of laboratory techniques have been pro
posed for the evaluation ot adhesion failure m bituminous ml.xlu1·1::Jt:1 (1). 

Tests falling under the category of dynamic immersion tests, such as the Nichulson 
test (12) and the wash test (13), bear the basic criticism that the simulation effect of 
trafficloading is unrealistic":- The agitation of loose mixtures in water does not resem -
ble the behavior of compacted mixtures in lhe road. 

The chemical immersion tests, such as the Riedel and Weber test (14), are also 
criticized due to the use of h micals such as sodium carbonate in the evaluation of 
adhesion. 

A great number of methods fall under the static immersion test categories where 
resistance of binder -aggregate systems t0 stripping is measured without inducing the 
dynamic effect of traffic. These tests, such as the Lee (!), Oberbacb (15), and ASTM 
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(D 1664-64T) tests, employ a visual examination as a measure of stripping, and the 
results of evaluation have little relation to field performance. 

Many tests, such as the cold water abrasion test (16), English trafficking test (3, 17), 
and test tracks (18), have been proposed to simulate traffic conditions. These methods, 
although they usea more realistic approach such as using actual paving mixtures in
stead of artificial material, are rather costly and beyond the capabilities of many orga
nizations. 

One type of widely used method for the evaluation of stripping characteristics is 
known as the immersion-mechanical test. fucluded in this type is the immersion-com
pression test, which will be discussed later. It has failed to duplicate road failures 
attributed to stripping. The basic criticism of these tests is the lack of traffic simu
lation. 

Recently, a number of tests utilizing quantitative coating measurements have been 
greatly advocated. fu these tests the percent of area stripped is measured through the 
use of adsorptive principles. The dye adsorption (19, 20) and the radioactive isotope 
tracer (21, 22) and the tracer salt are in this category :----A.lthougth the technique of 
measuring the percent of stripping is a sound method, there is no indication that the 
stripping generated in these laboratory mixtures simulates the field condition. Further
more, the knowledge of percent of stripping alone is of no practical value unless it is 
related to the mechanical properties used in the design of bitumen mixtures. 

ANALYSIS OF A PROBLEM 

fu this chapter, a specific engineering problem related to stripping phenomena is 
analyzed and the validity of the concepts previously postulated are discussed. The 
problem arises from the occurrence of severe distress and disintegration in two sec
tions of newly constructed state highways in Florida. The detailed and careful exami
nation of the failed pavement revealed beyond any doubt that distress was due to the 
loss of cohesive bond in the hot-mix sand-asphalt (SAHM). The study of the first pave
ment failure was on US 231 (Florida state Road 20) in Bay County, and it indicated that 
stripping resulted in complete loss of cohesive bond within the ½-in. layer of leveling 
course (Fig. 1). The construction reports indicate that this layer had been placedprior 
to undesirable climatic conditions, including a severe freeze. Due to the cold weather, 
the work had been discontinued for a considerable length of time. Later, as soon as 
the weather permitted, the uppermost leveling course and the surface were completed. 
Soon after construction, rutting and severe distress were reported in the paved sections. 

The second road failure occurred on state Route 30 west of Fort Walton. It was also 
attributed to stripping in the SAHM. According to state Road Department reports, the 
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construction of SAHM courses was completed by March 31, 1964. The construction of 
asphaltic concrete surface course type 1 (ACSC) was started on April 13, 1964; how
ever, owing to severe rain (3.45 in. from April 13 to April 15), the paving operation 
was stopped for 2 days and resumed on April 15. The occurrence of stripping in cer
tain sections of this newly constructed highway was extensively investigated by the Di
vision of Materials, Research and Training, Florida state Road Department, and the 
results of their study are summarized as follows: 

1. Materials used in the paving operation, such as sand and asphalt-cement, and the 
mix design all conformed with the SRD specifications. 

2. The mixing temperature was within the specification limits. 
3. Rainfall during the construction of SAHM was not significant. 
4. The air temperature was apparently below 40 F during part of the time SAHM 

was being placed. 
5. Tackcoats placed on old roadway between SAHM courses and between SAHM and 

type 1 ACSC did not meet the SRD specification. 
6. Heavy rainfall was reported from April 13 to 15, prior to placing of type 1 ACSC. 
7. stripping tests conducted on the remixed stripped material from the roadway, 

the remixed samples from satisfactoi·y areas, and the laboratory mixtures have not in
dicated any stripping tendency in the temperature range of 77 to 140 F. 

Figure 1 shows the distressed layers of SAHM in relation to the climate and the con
struction. As is indicated, both layers were exposed to severe weather prior to heing 
overlaid by another hot - mixed bituminous layer. Ther efore, during the period of rain 
and undesirable weather, the expo sect SAHM 1.·rn, r-l'!P hf'(\:l m P. 11artially or fully saturated 
with water and the binder - aggregate bond became thermodynamically unstable. This 1s 
a logical deduction from the classical displacement concept of adhesion failure. 

To test the validity of this concept as applied to bituminous mixtures, one expects 
that the use of the immersion-compression test, ASTM Method D 1075-54, should reveal 
the stripping tendencies of the sand-asphalt mixture. On the contrary, however, the 
results of thi s test on SAHM mixtures (23) indicate that this mixture does not exhibit 
any significant tendency toward stripping and in no case did the loss of compressive 
str ength exceed 15 percent. 

To search for the causes of stripping in sand-asphalt mixtures, a t est method has 
been developed that includes the effects of dynamic loading. In the following sections 
this method of analysis is presented. 

MATERIALS AND TESTING PROCEDURE 

Materials 

The materials used in this study were chosen to conform as closely as possible with 
those used in the two cases of fieid stripping observed. The aggregate was a fine sand 
obtained from the Okaloosa Company. Its gradation curve is shown in Figure 2. The 
bituminous binder selected for this investigation was a 60/ 70-penetration asphalt cement 
with a laboratory designation AS 65-1, and is similar to the material used in the con
struction of the SAHM courses. The test characteristics of the asphalt cement and the 
sieve analysis on the aggregate indicate that they meet Florida state Road Department 
spec1hcah<;ms. The results of tests on the asphalt cemenl al'e give11 111 Ta!Jle 1. 

TABLE 1 

PROPERTIES OF ASPHALT CEMENT AS 65-1 

Property Va lue Property Value 

Penetration 60 Viscosity at 275 F, l)uises 440 .51 

Softening point 129 F Viscosity at 210 F, poises 5908.5 

Ductility 150+ Viscosity at 140 F, poises 3094.55 

Specific gravity 1.008 TFOT viscosity at 140 F, poises 7031.91 

Viscosity at 77 F, poises 3.16 X 108 Vis cosity ratio 2.28 
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Figure 2. Gradation curve of sand used in hot-mix sand-asphalt. 

Sample Preparation 

103 

.01 

Mixing of the sand-asphalt was done according to ASTM D 1074-60, except that a 
batch consisted of enough material to compact 6 specimens. It -was felt that a 6-sample 
batch would insure better uniformity of the mix for such small samples. Mixing tem
perature was approximately 325 F, and was maintained above a minimum of 270 F by 
using infrared lamps. The batch was then divided into 6 parts and oven-stored at 270 
F for compaction. All samples were compacted within 2 hours after mixing. 

To compact the samples, Harvard miniature molds, 1.312 by 2.624 in., were heated 
in a water bath, removed, dried, and oiled. The mold was then placed over a bottom 
plunger and approximately 55.2 grams of the sand-asphalt mixture, which was found to 
produce a sample 1.312 in. high, was introduced in 2 layers. Each layer was spaded 
25 times, and the top plunger was placed on the mix. Compaction was done using the 
double plunger arrangement and a static load of 3000 psi maintained for 2 minutes. The 
specimen was then ejected, marked for identification, and oven-cured at 140 F for 24 
hours. After removal from the oven, the samples were allowed to air cool for 1 hour. 
The average height and bulk specific gravity of each sample was then determined and 
they were stored in dark, carbon-dioxide filled cans at 1·oom temperature until needed 
for testing. 

Sample Saturation-An attempt was made to saturate the samples according to ASTM 
D 1075-54; however, it was found that after 24 hours in the 140 F water bath, the sam
ples had only 50 percent of their air voids filled. A vacuum process was therefore de
veloped that used a small plastic cap on one end of the sample and a rubber membrane 
surrounding the sample. It was found that approximately 18 percent of tbe original 20 
percent air voids were filled with water after only 15 seconds. All samples were 
therefore saturated by applying a 30-mm Hg vacuum pressure for 30 seconds. This 
was sufficient to draw double-distilled water entirely through the sample. After satu
ration, the membrane was sealed to prevent loss of moisture, and was tested within 22 
± 2 hours from the time of saturation. This was necessary to insure that the stripping 
action of the water on the sand-asphalt mixture was uniform for both conditioned and 
unconditioned samples. 
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Figure 3. Dynamic preconditioning apparatus. 

Preconditioning-Preconditioning of the samples consisted of applying a variable 
number of loads to the sample at a controlled temperature of 140 F. This was done to 
simulate the action of traffic on the hot, saturated sand-asphalt layer. It was accom
plished using a Skinner Polynoid Linear Actuator attached to a frame and controlled by 
a timer giving a 3-cps frequency of load application. The load was 7.7 lb (5.695 psi) 
and lasted approximately 0.04 second. 

To precondition a specimen, it was placed in a water bath at 140 :1: 5 F for 2 hours 
to reach the test tempFm~tnrP.. It was then transferred to an environmental chamber 
maintained at 140 ± 1 F. The chamber was adjusted, and tbe proper number of loads 
applied. Figure 3 shows the preconditioning apparatus. After preconditioning, the 
sample was again sealed and placed in a 77 F wate1· bath for at least 1 hour before fur
ther testing was carried out. 

Unconfined Compressive strength Test 

Unconfined compression tests were run on a number of specimens. At least 3 sam
ples were tested at each condition of preconditioning and saturation, and the compres
sive strength was reported as the average value. The test was conducted at 77 F, and 
the compressive strength machine operated at a rate of 0.08 in. per minute. 
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Figure 4. Effect of preconditioning on compressive strength of sand-asphalt. 

ANALYSIS AND DISCUSSION OF RESULTS 

Effect of Soaking 

As indicated, unconfined compression tests were conducted on saturated and unsat
urated specimens. The results of compressive strength tests on samples prepared 
without any dynamic preconditioning indicate that no significant differences occur 
among saturated and unsaturated samples (Table 2). The same conclusions have been 
reached from previous studies (23) in which the ASTM standard method of soaking was 
followed. Therefore, based on previous and present data, it can be concluded that, for 
the materials studied, the soaking alone will not result in any significant reduction in 
the compressive strength of the mixtures. 

Effect of Repeated Loading 

The saturated and unsaturated specimens were subjected to dynamic preconditioning. 
The data in Table 2 and Figure 4 indicate that the compressive strength of unsaturated 
preconditioned samples is not significantly affected by the load repetition. In fact, the 
compressive strength is slightly increased. This is believed to be due to some densi
fication in the mixture. Also in Figure 4, the compressive strength of saturated samples 
is plotted for various numbers of load applications. As indicated, the dynamic precon
ditioning drastically reduces the cohesive strength of the mixtures. 

The induced strain in the specimens during preconditioning is also an important 
parameter that should be considered in the analysis of data. To measure these induced 

TABLE 2 

EFFECT OF DYNAMIC PRECONDITIONING 
ON COMPRESSIVE STRENGTH 

Cycles of 
Dynamic Loading 

0 

10 

50 

100 

Compressive Strength (psi ) 

Unsaturated Specimen Saturated Specimen 

229.6 235.6 

244.5 151.8 

245.6 136.0 

229.3 114.2 

strains, an L VDT was mounted on the 
dynamic preconditioning apparatus 
(Fig. 3) and the strains were recorded. 
Figure 5 shows the relative deforma
tion of soaked and unsoaked specimens 
under repeated loading. Soaked spec -
imens have considerably higher strain 
than unsoaked specimens. In fact, the 
soaked specimens failed after 3000 
cycles, whereas the unsoaked samples 
showed only a slight bulging at this 
loading condition. Figure 6 shows 
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Figure 5. Induced deformations under dynamic loading. 

soaked and unsoaked samples after 500 and 3000 cycles. Samples 1 and 2 are saturated 
specimens corresponding to 3000 and 500 cycles respectively; samples 3 and 4 are un
R::lt.111•3h~cl Ra,mples tested under 500 and 3000 cvcles respectively. Comparison of speci 
mens l anct 4 as well as ~ ana 3 snows the differ enc.;e::; iu Ll1e Jdui 1114Ll uu • cof,vilSc; 0f 
saturated and unsaturated samples. 

Mechanism of Stripping 

In the previous section it was shown t hat the repeated application of axial load results 
in the reduction of strength of satu.l'ated sand-asphalt tnixtlll'es. This strength reduction 
can be attributed to two separate mechanisms, namely, mechanical and physicochemical 
degradation. In mechanical degradation phenomena, it can be postulated that t he r e
peated load application may result in formation of micro-rupture planes in the bitumi
nous binder, thus reducing the strength of the specimen. On the other hand, the physico
chemical degradation is based on the thermodynamic instability in the binder-aggregate 
interface. In order to investigate this phenomenon in the laboratory, two series of iden
tical specimens, one containing antistripping agents, were prepared and subjected to 
dynamic preconditioning. The antistripping agent X was added in the amount of 2 percent 
of the weight of bituminous binder. These specimens, saturated and unsaturated, were 
then subjected to 0, 10, 50, 100, and 300 cycles of repeated loading as described previous
ly. After preconditioning, the compressive strengths of both saturated and unsatureated, 
specimens were determined and the corresponding compressive slnmglh rallu was 

Figure 6. Physical condition of soaked and unsoaked samples after dynamic preconditioning. 
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calculated. Figure 7 shows the results of these tests. As indicated, the samples with
out antistripping agents exhibit strength reduction, whereas the corresponding speci
mens with antistripping agents are not affected by the repeated load application. This 
observation can be considered as the supporting evidence for the presence of stripping 
phenomena in the bituminous mixture studied. It could also be utilized as a protective 
measure to prevent the recurrence of stripping failure in sand-asphalt mixtures. 

Effects of Mixture Density 

There are primarily three prerequisites for the occurrence of stripping phenomena 
in bituminous mixtures: presence of water in pavement, repeated load application, and 
the physicochemical nature of the bituminous-aggregate system . In order to eliminate 
or reduce the chances of stripping, one should attempt to eliminate at least one of these 
prerequisites. From the pavement design point of view, the water present in the pave
ment can be reduced by decreasing the void content of the bituminous mixture. In fact, 
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this approach could be considered as one of the preventive measures in the construction 
of bituminous paving using the physicochemically unstable bituminous-aggregate sys
tem. To investigate the validity of this argument, the strength characteristics of sand
asphalt mixtures with two different void contents were compared. These specimens 
were subjected to identical saturation, dynamic preconditioning, and unconfined com
pression tests. The compressive strength ratios of these two series of specimens are 
shown in Figure 8. It is quite evident that when the air void content was reduced from 
20 to 15 percent, the strength of the saturated mixture improved considerably. In this 
study the void content was reduced by increasing the compactive effort. However, it is 
believed that similar results could be achieved by increasing the percentage of bitumi
nous binder in the mixture, i.e., by increasing the thickness of the binder film in the 
sand-asphalt mixture. 

SUMMARY AND CONCLUSIONS 

In this investigation the compressive strength and creep response of saturated and 
unsaturated sand- asphalt specimens were investigated. The previous laboratory anal
ysis had indicated that present test methods cannot duplicate the excessive loss of co
hesion of these mixtures as observed in the field. To duplicate the field conditions, a 
dynamic preconditioning method was devised in which the samples were subjected to a 
specified number of load repetitions prior to testing in unconfined compression. The 
following are the conclusions of this research: 

1. The compressive strength of saturated and unsaturated samples without dynamic 
preconditioning does not differ significantly. 

:!. 'l'hc comprcn• ivc otrcn~h of unsoaked samples 1~ nnl Klg11lriea11lly .1rrP-1-.l.~d hy 
the number of cycles of dynamic preconditioning. Owing to possible densification, a 
slight increase in the strength is observed at intermediate cycles of preconditioning. 

3. The compressive strength of soaked samples is drastically reduced by the dy
namic preconditioning. 

4. The unsoaked samples under dynamic loading exhibit some permanent deforma
tion. The soaked samples, however, show a much gr eater per manent strain and ap 
proach to the state of failure at a lower number of load repetitions. 

n. Str1>11e;th rArlndion rlrn~ to dynamic preconditioning under axial loading can be im
provea-oy using an anfisffipp"ing agenc-u- rn--postulated that physicochemical efforts 
(stripping) are responsible for the reduction of strength of saturated sand-asphalt mix
tures. 

6. Reduction in the percent air voids in the samples improves the resistance of the 
bituminous mixture to water. Reduction in void content either by compaction or by 
change in mixture composition can be used as a preventive measure in the field. 
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