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FOREWORD 

This summary report presents the results of research conducted to compare several 
procedures used to evaluate the moisture susceptibility of asphalt mixtures. 
Numerous procedures are currently available, and new or modified procedures are 
continually being developed. This research was performed to assist State 
highway officials who must choose or develop a procedure for their use. 

The contributions of the four State transportation agencies, namely Georgia, 
Mississippi, Utah, and Maryland, which provided materials and mixture design 
information are gratefully acknowledged. 

This report is being widely distributed. Copies for State highway agencies are 
disseminated through the division offices. Additional copies for the public are 
available from the National Technical Information Service (NTIS), Department of 
Commerce, 5285 Port Royal Road, Springfield, Virginia 22161. A Final Report, 
FHWA/RD-86/O91, which presents a detailed account of the study, is also 
available through the National Technical Information Service (NTIS). 

NOTICE 

LJJ~,tL 
Richard E. Hay, Direc~r~ 
Office of Engineering and 

Highway Operations 
Research and Development 

This document is disseminated under the sponsorship of the Department of 
Transportation in the interest of information exchange. The United States 
Government assumes no liability for its contents or use thereof. 

The contents of this report reflect the views of the author, who is responsible 
for the facts and accuracy of the data presented herein. The contents do not 
necessarily reflect the official policy of the Department of Transportation. 

This report does not constitute a standard, specification, or regulation. 

The United States Government does not endorse products or manufacturers. 
Trademarks or manufacturers' names appear herein only because they are 
considered essential to the object of this document. 
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INTRODUCTION 

Numerous procedures for predicting whether an asphalt pavement will be 

susceptible to moisture damage have been developed over the past 50 years, 
and they are continually evolving. Most present procedures evaluate the 

actual mixture that will be used in the pavement, usually in a compacted 

state, but they generally employ different methods for fabricating, curing, 
conditioning, and testing the specimens. 

This study was initiated in 1983 to compare several new procedures with 

each other and with certain traditional procedures which have been used by 
State high1;,1ay agencies. Several States were contacted to supply aggregates, 

asphalts, and antistl"ipping additives. Mixtures were limited to hot-mixed, 

dense-graded types meeting the following requirements: {1) a known history 

of performance must be available, {2) design information must be available 

so that the mixture could be duplicated, and {3) damage must be shown by the 
visual stripping of the pavement and be related primarily to the type of 

aggregate. Ai though the procedures may be applicable to forms of moisture 

damage other than the usual type, where water strips the asphalt from the 

aggregate, it was intended in this study to eliminate uncommon forms of 

moisture damage which could provide unusual data. Also, since the source 

of an asphalt (supplier or crude) can change from year to year, mixtures 

where damage was found to be highly influenced by the type of asphalt were 
not considered good candidates. 

MATERIALS AND MIXTURE DESIGNS 

Nine aggregates and the companion asphalts were provided by four State 

highway agencies. Mixture designations were based on the State \~hich pro

vided the materials, followed by the location or name of the contractor 

which supplied the aggregate: 

1. Georgia-Grayson (hydrated lime) 

2. Georgia-Kennesaw (hydrated lime) 
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3. Utah-Staker (Pave Bond AP Special) 
4. Georgia-Norcross (hydrated lime) 

5. Georgia-Rome (Pave Bond LP) 
6. Mississippi-Hattiesburg #1 
7. Mississippi-Hattiesburg #2 (Pave Bond Special) 

8. Maryland-Julian (Acra 500) 

9. Maryland-Genstar 

Antistripping additives, also listed above, were provided except for 

the Mississippi-Hattiesburg #1 and Maryland-Genstar mixtures. Thus a total 

of 16 mixtures were used to evaluate the moisture damage procedures. 

State highway agency job mixture formulas were duplicated as closely as 

possible. Optimal asphalt contents were based on obtaining a 4-percent air 

void level using the 50-blow Marshall method of compaction. Standardized 

AASHTQ(l) methods for sampling and testing were used during the mixture 

designs. 

MOISTURE DAMAGE PROCEDURES 

Six procedures were chosen for comparison in this study: 

1. NCHRP 246 (tensile strength and resilient modulus Mr)(2) 

(Lottman procedure) 

a. Short-Term 

b. Long-Term 

2. NCHRP 274 (tensile strength)(3) 

3. AASHTO T 165-82 Immersion-Compression(l) 

4. Marshall-Immersion (stability and flow) 

a. Dry Evacuation 

b. Wet Evacuation (modified procedure) 
5. Dynamic Tumbling (tensile strength and weight loss) 

2 



6. ASTM D 3625-77 Boiling Water(4) 

a. 1-Minute Boiling 

b. IO-Minute Boiling (modified procedure) 

The NCHRP 246 procedure contained a long-term and a short-term part, 
the Marshall-Immersion procedure was modified so that two methods of vacuum 

saturation were evaluated, and the Boiling Water procedure was modified 
so that both a 1-minute and a IO-minute time of boiling were evaluated. 

Each of these was treated as a separate procedure, giving a total of nine 

procedures. All mixtures were not tested under the Short-Term NCHRP 246 

procedure because the initial results were not promising. The procedures 

were performed as outlined in table 1. Modifications could lead to dif

ferent relationships and conclusions. 

The Marshall-Immersion and Dynamic Tumbling procedures have not been 

published. The Marshall-Immersion procedure was proposed for standardization 

to the American Society for Testing and Materials (ASTM) Committee 004 on 

Road and Paving Materials in 1982. The vacuum conditioning method for this 

procedure was termed "dry eva cua ti on" under this study. A second approach, 

which was termed "wet evacuation" under this study, was also evaluated 
because it was easier to perform. 

The Dynamic Tumbling procedure, provided by the Nevada Department of 

Transportation, was evaluated on a limited basis. Moisture susceptibility 

is based on the percent loss of specimen weight after dynamic action. 

Mixtures with losses greater than 25 percent are considered to be moisture

susceptible. The indirect tensile strength test was included in this 

procedure as an additional measurement of damage. 

Retained ratios were computed as the wet (moisture conditioned) 

mechanical value divided by the dry (unconditioned) mechanical value 
except for Marshall-Immersion flow ratios. Because flow increased with 

damage, the ratios were calculated as the dry value divided by the wet 

value. 

3 



Table 1. Summary of moisture damage procedures evaluated . 

NCHRP 246 

I 
AASHTO T 165-82 

Long-Term Short-Term NCHRP 274 Immersion-Compression 

Specimen Size 2.5 in x 4 in 2.5 in x 4 in 4 in x 4 in 
height x diameter (63.5 mm x 102 mm) (63.5 mm x 102 mm) (102 mm x 102 mm) 

Number of 3 Dry 3 Dry 3 Dry 
Specimens 3 Wet I 3 Wet 3 Wet 3 Wet 

Compaction Marshall, Marshall, Double Plunger, 
(Moisture Damage Test) 50 blows variable blows variable level 

(to meet void range) (to meet void range) 

.i:::, 

Air Void Range 3 to 5 6 to 8 5 to 7 

Vacuum Conditioning 26 in (660 mm) Hg for 30 min, 20 in (508 mm) Hg None 
(wet specimens) remove vacumm and keep specimens for 1 to 5 min to 

submerged for another 30 min obtain a saturation 
level of 55 to 80 % 
based on void volume 

Moisture Conditioning 15 h freezing at 3 h static soak 24 h static soak at 24 h static soak at 
(wet specimens) -0.4 OF (-18 Oc), at 77 °F (25 °c) 140 OF (60 OC), 140 OF (60 OC), 

24 h static soak at 1 hr static soak at 2 h static soak at 
140 OF (60 OC), 77 OF (25 OC) 77 OF (25 OC) 

3 h static soak at 
77 OF (25 OC) 

Measurements of Visual, Visual, Visual, 
Damage Mr (Resilient Modulus) at 77 °F (25 OC), Tensile Strength Unconfined Compression 

Tensile Strength-at 77 OF (25 °c) at 77 °F (25 °c) and at 77 °F (25 °c) and 
and 2 in/min (50.8 mm/min) 2 in/min (50.8 mm/min) 0.2 in/min (5.1 mm/min) 



Table 1. Summary of moisture damage procedures evaluated (continued). 

Marshall-Immersion ASTM D 3625-77 
Dry 

I 
Wet Dynamic (and modified) 

Evacuation Evacuation Tumbling Boiling Water 

Specimen Size 2.5 in x 4 in 2.5 in x 4 in Un compacted 
height x diameter (63.5 mm x 102 mm) (63.5 mm x 102 mm) Mixture 

Number of 3 Dry 3 Dry 1 
Specimens 3 Wet I 3 Wet 3 Wet 

Compaction Marshall, Marshall, -
(Moisture Damage Test) 50 blows 50 blows 

Air Void Range 3 to 5 3 to 5 -
u, 

Vacuum Conditioning 1.18 in (30 mm) Hg 1.18 in (30 mm) Hg none -
(wet specimens) residual pressure residual pressure 

applied to specimens applied to submerged 
for 1 h then water specimens for 1 h 

at 140 OF (60 Oc) added at 77 OF (25 °c) 

Moisture Conditioning 24 h soak at 144 h (6 days) 1 min boiling 
(wet specimens) 140 OF (60 OC) static soak at or 

120 OF (49 OC), 10 min boiling 
(Note: Dry specimens were conditioned at 140 °F 1 h ice water soak at (modified) 

(60 °c) for 35 min according to Marshall 41 OF (5 OC), 
procedure AASHTO T 245-82) Dynamic Tumbling for 

1000 revolutions 
at 30 r/min 

Measurements of Visual, Visual, Visual 
Damage Stability and Flow Percent Weight Loss, only 

at 140 °F (60 °c) and Tensile Strength at 
2 in/min (50.8 mm/min) 77 °F (25 °c) and 

2 in/min (50.8 mm/min) 



Visual stripping was estimated in all procedures. Estimating visual 
stripping was often difficult, especially when stripping was high or when 
a greater percentage of the stripping occurred in the fine aggregate. 

The percent saturation and swell were measured both after vacuum 

conditioning and after moisture conditioning. 

RANK ORDER OF RETAINED RATIOS AND VISUAL STRIPPING 

The percent retained ratios and percent visual stripping were grouped, 

as shown in tables 2 and 3, according to the degree of moisture damage 

experienced in the States. field-reported damages could not be quantified, 
and thus the mixtures were placed into four qualitative categories describing 
the degree of damage: (1) "moderate to severe," (2) "slight," (3) "good" 

for non-moisture-susceptible mixtures, and (4) "unknown" for mixtures with 

no past performance records. After testing had started, it was found that 
the treated Utah-Staker and the Maryland-Genstar mixtures had no performance 
histories. These two mixtures could not be used when comparing the test 

results to field performance, but could be used when comparing one test to 

another. 

Eight sets of retained ratios from five procedures were chosen for 

analysis: (1) Long-Term NCHRP 246 Mr and tensile strength, (2) NCHRP 

274 tensile strength, (3) AASHTO T 165 Immersion-Compression, (4) Marshall

Immersion stability and flow using dry evacuation, and (5) Marshall
Immersion stability and flow using wet evacuation. This provided five 

sets of visual stripping evaluations. Both the retained ratios and visual 

stripping were examined to develop pass/fail criteria and to determine 

discrepancies with field performance. The results of the Short-Term NCHRP 
246, Dynamic Tumbling, and Boiling Water procedures did not appear promising 

and were excluded from the analyses. 
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Table 2. Percent retained ratios. 

Marsha 11- Marshall-
Immersion Immersion Dynamic 

Long-Term NCHRP AASHTD Dry Evac. Wet Evac. Short-Term Tumbling 
Damage NCHRP 246 274 T 165 Stb. Flow Stb. Flow NCHRP 246 % wt. 
Rating Mixture MrR TSR TSR I-C Ratio Ratio Ratio Ratio MrR TSR loss TSR 

Moderate GA-Grayson 4.8 6.5 4.8 16.4 8.6 51.2 2.9 47.7 120.6 97.8 18.2 2.7 
to GA-Kennesaw 15.3 25.4 22.9 59.9 35.5 67.6 35.4 69.7 81.8 90.5 3.0 57.6 

Severe UT-Staker 60.8 77.2 55.4 55.7 85.8(Pl 80.B(Pl 86.6(Pl 75.0 106.9 110.9 
GA-Norcross 24.9 35.8 40.6 69.5 49.9 65.6 43.3 67.7 101.1 100. 7 2.7 63.3 

GA-Rome 59.0 75.2 76.8 84.6(Pl 81.3(Pl 66.7 81. 9( Pl 64.9 86.2 99.1 0.7 86.9 
Slight MS-Hattiesburg #1 56.2 86.9(Pl 81.7(P) 97.7(Pl 78.7 61.9 73.3 65.0 86.7 107 .1 5.6 102.3 

MS-Hattiesburg #2 68.7 84.8(P) 75.9 92.6(Pl 65.5 61.9 65.5 59.1 
MD-Julian 48.8 59.7 61.6 

" 
90.2(Pl 78.7 81.8(Pl 77.9 78.3 80.5 100.0 

GA-Grayson+ A 92.1 92.9 92.7 96.8 87.1 80.0 83.3 80.0 1.5 92.2 
GA-Kenne saw + A 74.4 89.9 74.7(F) 95.4 73.0(Fl 82.1 76.5(Fl 76.7(Fl 1.5 89.8 

Good GA-Norcross+ A 78.7 86.9 89.4 90.9 76.6(F) 81.5 72.9(F) 81.5 1.5 94.2 
GA-Rome+ A 76.3 88.0 83.8 83.7 93.2 71.0(F) 87.0 68.8(F) 0.4 92.7 
MS-Hattiesburg #2 + A 60.0(F) 83.7 90.9 99.4 79.9(F) 63.2(Fl 88.7 60.0(F) 
MD-Julian+ A 74.6 97.0 94,3 99.2 84.4 85.7 85.3 81.8 

Unknown UT-Staker+ A 63.5 79.1 58.0 87.3 88,8 70.4 86.6 79.2 103.4 98.6 
MD-Gens tar 33.1 54.7 62.3 62.7 53.6 60.7 49.8 60.7 44.2 74.8 

Average 55.7 70.2 66.6 80.l 70.0 70.8 68.6 69.9 
(Std. Dev.) (24.5) (26.6) (25.8) (22.4) (22. 7) (10.1) (24.0) (9. 7l 

Note: 
A = Mixtures treated with additive. 
P = Passes suggested criteria. 
F = Fails suggested criteria. 



Table 3. Percent visual stripping. 

Long-Term AASHT0 Marshall-Immersion Short-Term 
Damage NCHRP NCHRP T 165 Dry Wet NCHRP Dynamic Boiling Water 
Rating Mixture 246 274 1-C Evac. Evac. 246 Tumbling 1 min 10 min 

Moderate GA-Grayson 50 50 50 50 50 0 80 65 85 
to GA-Kennesaw 50 50 45 40 40 0 25 2.5 15 

Severe UT-Staker 65 75 65 15 15 0 2.5 2.5 
GA-Norcross 60 60 40 30 30 0 35 2.5 15 

GA-Rome 25 20 7.5(P) 10 10 0 5 2.5 5 
Slight MS-Hattiesburg #1 10 10 10 10 10 0 2.5 5 15 

MS-Hattiesburg #2 15 15 15 15 15 7.5 15 
MD-Julian 65 65 35 12.5 17.5 0 2.5 7.5 

o:> GA-Grayson+ A 2.5 2.5 2.5 7.5 7.5 2.5 12.5 
GA-Kennesaw+ A 2.5 2.5 2.5 7.5 7.5 2.5 15 

Good GA-Norcross+ A 2.5 2.5 2.5 7.5 7.5 2.5 7.5 
GA-Rome+ A 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 
MS-Hattiesburg #2 + A 15 (Fl 10 (Fl 2.5 2.5 2.5 2.5 15 
MD-Julian+ A 12.5(F) 7.5 7.5 7.5 7.5 2.5 2.5 

Unknown UT-Staker + A 65 75 25 10 10 0 2.5 2.5 
MD-Gens tar 17.5 7.5 12.5 7.5 7.5 0 2.5 2.5 

Average 28.8 28.4 20.3 14.7 15.0 
(Std. Dev.) (25.4) (28.4) (20.4) (13.5) (13.5) 

Note: 
A= Mixtures treated with additive. 
P = Passes suggested criteria. 
F = Fails suggested criteria. 



Retained Ratios 

A perfect pass/fail criterion, where all moisture-susceptible mixtures 

fail and all non-moisture-susceptible mixtures pass, could not be developed 

for any of the eight sets of retained ratios. The best criterion for each 

test appeared to be 80 percent, except for the Long-Term NCHRP 246 Mr, where 
a criterion of 70 percent was used. Discrepancies between these pass/fail 

criteria and field performance are shown in table 2. 

A valid pass/fail criterion could not be chosen for the Immersion

Compression procedure because all mixtures rated as "slight" had high 

ratios, indicating that the severity of this test was insufficient. 

It was also difficult to assign pass/fail criteria to the stability 

ratios provided by both Marshall-Immersion procedures since the Utah-Staker 

mixture, rated as "moderate to severe," produced high ratios relative to 

the other mixtures. To prevent premature pavement failure, a moisture 

damage procedure must always fail mixtures which will lead to moderate 

or severe problems; otherwise, it is not fulfilling its purpose. Based 

on the suggested 80-percent pass/fail criterion, the Utah-Staker mixture 

passed both Marshall-Immersion procedures. The flow ratios did not provide 
better results and were overall less sensitive to damage than the stability 

ratios. The Long-Term NCHRP 246 tensile strength test also produced a 
relatively high ratio for the Utah-Staker mixture, which did not match 

the high degree of visual damage, but the mixture failed the suggested 

criterion in this case. 

Establishing valid pass/fail criteria for the Marshall-Immersion 

procedures was also difficult because there were more borderline mixtures 
--for example, one having retained ratios within two percent of the 

criterion--and little apparent difference between the retained ratios 

produced by mixtures rated as "slight" and those rated as "good." 
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Considering the limited number of mixtures evaluated, a choice between 
the two NCHRP procedures could not be made based on the retained ratios 

alone. Possibly, a slight edge could be given to the NCHRP 274 and Long

Term NCHRP 246 Mr tests over the Long-Term NCHRP 246 tensile strength 

test. Based on the ease of performing the tests and the required equipment, 

the NCHRP 274 procedure would be preferred. 

Visual Stripping 

A criterion for acceptability based on the results of the five sets 

of visual evaluations appeared to be 10 percent, with 10 percent or greater 

visual stripping indicating an unacceptable level of damage. Discrepancies 
between this criterion and field performance are shown in table 2. Although 

visual stripping was difficult to accurately determine and some discrepan

cies between mixtures rated as "slight" and "good" were noted, the visual 

values were at least as good as the retained ratios in matching pavement 

performance. The Marshall-Immersion procedures provided no discrepancies, 

but the differences between mixtures rated as "slight" and "good" were 

small. 

STATISTICAL ANALYSES OF RETAINED RATIOS AND VISUAL STRIPPING 

Data were analyzed using one- and two-way analyses of variance and 

regression analyses. A 95-percent confidence level was used in all analyses 
of variance. When an analysis of variance indicated a significant difference 

between the moisture damage tests, Duncan's multiple range analysis was used 

to determine which tests caused the difference. 

Analyses of the two Marshall-Immersion procedures indicated that they 

provided the same retained ratios and visual damages for a given mixture. 

Statistical differences were only found for the levels of vacuum saturation. 

To eliminate any bias which could result from including both procedures in 

subsequent statistical analyses, only the data from the dry evacuation 

procedure was used, except for analyses performed on saturations. 
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Retained Ratios 

Analyses were performed on the retained ratios to determine differences 

in the severity (average retained ratio) of the tests. The results, shown 

in table 4, indicated that the Immersion-Compression was less severe and the 

Long-Term NCHRP 246 Mr more severe than the other tests. The Mr retained 
ratios were even lower than the tensile strength ratios obtained on the same 

specimens. This indicated that the type of mechanical test can have a high 

influence on the retained ratios. The remaining four tests were not 
significantly different in severity. 

Visual Stripping 

Analyses were also performed on the visual stripping data. The rank

ing, shown ·in table 4, indicated that the Long-Term NCHRP 246 and NCHRP 

274 procedures produced more visual stripping than the Marshall-Immersion 

procedure. The average value for the Immersion-Compression procedure was 
between these tests, but was not statistically higher than the average for 

the Marshall-Immersion procedure or lower than the average for the other 

two procedures. 

The ranking based on visual stripping did not match the ranking based --- ---

on the retained ratios. Overall, visual stripping was less than expected 

for the Marshall-Immersion procedure and more than expected for the Immer
sion-Compression procedure. Based on the visual ranking, the ranking 
according to the retained ratios, and the ability of the retained ratios 

of each procedure to match field performance, the following were concluded: 

1. Although vacuum saturation was not used in the Immersion-Compression 

procedure, the higher retained ratios produced by this procedure 
appeared to be primarily related to the inability of compression 

to measure moisture damage. 
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Table 4. Statistical analyses of the retained ratios, 
visual stripping, and saturation. 

Ranking of Tests According to Retained Ratios 

Average, Standard 
Test Rank percent Deviation 

Long-Term NCHRP 246 Mr 1 55.7 24.5 
NCHRP 274 Tensile Strength 2 66.6 25.8 
Marshall-Immersion Stability (Dry Evac.) 2 70.0 22.7 
Long-Term NCHRP 246 Tensile Strength 2 70.2 26.6 
Marshall-Immersion Flow (Dry Evac.) 2 70.8 10 .1 
Immersion-Compression 3 80.1 22.4 

Ranking of Procedures According to Visual Stripping 

Average, Standard 
Procedure Rank percent Devi a ti on 

Long-Term NCHRP 246 1 28.8 25.4 
NCHRP 274 1 28.4 28.4 
Immersion-Compression 2 20 .3 20.4 
Marshall-Immersion 3 14.7 13 .5 

Note: Statistically, the average visual stripping of 20.3 percent for 
the Immersion-Compression procedure is not greater than or less 
than the averages for the other procedures. 

Ranking of Procedures According to Saturation 
after Moisture Conditioning (based on sample volume) 

Average, Standard 
Procedure Rank percent Deviation 

NCHRP 274 1 6.9 3.3 
Marshall-Immersion (Wet Evacuation) 2 5.6 3.1 
Marshall-Immersion (Dry Evacuation) 3 5.1 2.8 
Long-Term NCHRP 246 3 4.9 2.9 
Immersion-Compression 4 4.6 2.6 
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2. The Marshall-Immersion procedure provided a lower average level of 
visual stripping than the Long-Term NCHRP 246 procedure even though 

the void and saturation levels in the two procedures were similar. 

This indicated that the greater visual damage in the Long-Term NCHRP 

246 procedure was due to the 15-hour freezing period. The lower level 

of visual stripping in the Marshall-Immersion procedure was probably 

a contributing factor to the discrepancies between the retained ratios 

and field performance for this procedure. 

3. Since the average retained tensile strength ratios and average levels 
of visual stripping for the Long-Term NCHRP 246 and NCHRP 274 procedures 

were equal, it was inferred from the data that either higher air void 
levels (6 to 8 percent) or a freezing period could be used to obtain 
a higher level of damage. Neither high air void levels nor a freezing 

period was used in the Marshall-Immersion procedure. 

4. The higher average level of visual damage for the Immersion-Compression 
procedure compared to the Marshall-Immersion procedure, even though 
not statistically significant, again indicated that higher air void 

levels are beneficial for evaluating moisture susceptibility. 

Retained Ratios Versus Visual Stripping 

Corre la tions were performed to determine the dependency of the retained 

ratios on visual stripping. Overall, the retained ratios were only weakly 

related to the degree of visual stripping, with the ratios decreasing as 

visual damage increased. The correlations could have been affected by in

accurate visual values; however, the exact cause of the poor relationships 

could not be determined from the data. Even with accurate visual data, good 

correlations may not be obtained because other factors, such as aggregate 

characteristics, may affect the retained_ratios. For example, a 50-percent 

1 ass of adhesion may be more cri ti cal with a rounded aggregate than with 

a crushed aggregate, or vice versa. Also, the percentage of stripping in 
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the fine aggregate versus the percentage of stripping in the coarse aggre
gate may be a factor. These factors could not be evaluated. The Marshall
Immersion stability test produced the only good correlation, but only three 

mixtures had greater than 20-percent visual stripping and the skewness of 

the data made the correlation highly questionable. 

MECHANICAL VALUES 

Wet and dry mechanical values (compressive strength, tensile strength, 

Mr, stability, and flow) were investigated to determine the following: 
(1) effect of the additive on the dry values, (2) effect of the additive 
on the wet values, and (3) pass/fail criteria based on the wet values. 

The dry mechanical values were not affected by the addition of the 

additives in the NCHRP 274 and Marshall-Immersion procedures. The dry 

values were affected in the NCHRP 246 and Immersion-Compression procedures; 
/ 

however, most changes were less than 10 percent with the Mr providing 
the greatest changes. Changes in the dry values could affect the retained 

ratio, and it is conceivable that a borderline mixture could pass a test 

without any improvement in the quality of the mixture. 

The effects of the additives on the wet values were compared to the 

effects on the retained ratios and visual damages. Overall, the changes 
in the wet values agreed reasonably well with the changes in the retained 
ratios, and there was no indication that one was significantly better than 

the other for evaluating the effects of additives. Comparing the changes 
in visual stripping to the changes in the wet values or retained ratios 

was more difficult; however, the comparisons showed that it is possible 

that visual stripping may decrease without a change in the wet value and/or 

the retained ratio. The results of these comparisons supported previous 

conclusions in that the two NCHRP procedures provided better relationships 

than the Immersion-Compression and the Marshall-Immersion procedures. 
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The wet mechanical values were a poor indicator of damage, and minimum 
aHowable values based solely on moisture damage could not be determined. 

Wet mechanical values of some moisture-damaged mixtures were higher than 

some dry values of other mixtures. The lack of a good relationship was 

attributed to the ineffectiveness of the tests to adequately predict damage 

for some mixtures, and the premise that the retained ratio indicates a rate 
of loss of mechanical value rather than an end point. 

SATURATION 

The degree of saturation, or percent water in a specimen, was measured 

both after moisture conditioning and after vacuum conditioning, except 
for the Immersion-Compression procedure in which no vacuum conditioning 

was used. Both Marshall-Immersion procedures were included in the analyses 

since the two vacuum conditioning methods provided different levels of 

saturation. 

Saturation was calculated both as a percent of the void volume and 

as a percent of the specimen volume. The latter calculation was used when 

comparing one procedure with another because it accounted for the various 
air void levels used in the procedures by relating moisture damage to 

the amount of water in the specimen. The former calculation was used to 
investigate whether or not oversaturation adversely affected the data. 

Analyses were performed on the following saturations to determine 

if differences existed from procedure to procedure: (1) saturation after 
vacuum conditioning, (2) saturation after moisture conditioning, and 

(3) the change in saturation during moisture conditioning (saturation 
after moisture conditioning minus the saturation after vacuum conditioning). 

It was concluded from the analyses that the methods of vacuum conditioning 

and the differences in the levels of saturation were not the only or 
dominant factors affecting the overall severity (average retained ratio) 
of the tests. For example, the two Marshall-Immersion procedures provided 
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different levels of saturation but these differences had no effect on the 
retained ratios or visual stripping, and no damage due to the high level 
of saturation (average of 106 percent) after vacuum conditioning in the 

wet procedure was measured. Also, the Long-Term NCHRP 246 Mr retained 

ratios were overall lower than the retained ratios produced by the other 

tests even though the degree of saturation was not the highest. The Mr 
ratios were even lower than the tensile strength ratios obtained on the 

same specimens. This indicated that the type of mechanical test had a 

high influence on the ratios, even more influence than the differences 
in saturation. The ranking of the saturations after moisture conditioning 

is shown in table 4. 

Visual stripping also did not match the degree of saturation. Further

more, the average saturation after moisture conditioning for the Immersion

Compression procedure was less than that for the Marshall-Immersion procedure 

even though the average visual damage was not lower. Again, it appeared that 

mechanisms, such as the type of mechanical test, air voids, and freezing, 

were more important than saturation. (Air voids not only affect saturation, 

but also permeability and asphalt film thickness.) 

Correlations were performed to investigate the effects of saturation. 
on the retained ratios and visual damages within a given procedure. Overall, 

saturation was a poor indicator of moisture damage, and only general trends 

of increasing damage with increasing saturation were found. This indicated 

that within a procedure, saturation was not the only or dominant factor 
affecting damage. There was also a slight indication that the two Marshall

Immersion procedures were overly dependent on the ability of the air void 

system to absorb water during the procedure, and that a higher void level 

or a freezing period is needed in these procedures. 

There was no conclusive evidence that oversaturation during vacuum 

conditioning adversely affected the data. Oversaturated mixtures produced 

retained ratios which in some cases were low, while in other cases high, 
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compared with pavement performance. Increased vacuum saturation also did 

not lead to low retained ratios relative to the degree of vi sua1 stripping. 
Possibly, damage was so small that it could not be measured by the tests, 

or, damage only occasionally affected the results of a test. There was 
also no conclusive evidence that oversaturation after moisture conditioning 

adversely affected the results. In general, the discrepancies between the 
test results and field performance were due to (1) relatively high retained 

ratios or low visual damages produced by some mixtures which were reportedly 
susceptible to moisture damage, or (2) the inability of a procedure to 

measure the effectiveness of an additive. 

Saturation is still very important in that sufficient water must enter 

the specimen. Neither high air voids nor vacuum conditioning was used in 

the Dynamic Tumbling procedure, and the results indicated that saturation 

was insufficient. The degree to which the absence of vacuum saturation 

in the Immersion-Compression procedure contributed to its lack of severity 

could not be established, since any effects were masked by the inability of 

compression to measure damage. (A minimum requirement for saturation was 
not investigated in this study.) 

SWELL 

The percent swel 1, or percent change in the volume of a specimen, 

has been measured by various State highway agencies in the past as an 

indicator of stripping and to detect the presence of expansive materials 

such as clays. Swell was measured after moisture conditioning in the 
Long-Term NCHRP 246, NCHRP 274, and Immersion-Compression procedures. 
Swell could not be measured during the Marshall-Immersion procedures. 

Swell after vacuum saturation was measured during the Long-Term NCHRP 

246 and NCHRP 274 procedures. Specimens in the Immersion-Compression 
procedure were not vacuum saturated. 

Overall, swell was a poor indicator of stripping, and additional 
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differences between the moisture damage procedures were not provided by 

measuring swell. Most swells were low and there were no apparent differ
ences in the trends between the data and pavement performance from one 
procedure to another. 

OTHER TESTS 

One-Minute Boiling Water (ASTM D 3625) 

This procedure produced little or no stripping in most mixtures and 

thus was not effective. Five out of eight moisture-susceptible mixtures 
retained more than 95 percent of the coating. 

Ten-Minute Boiling Water 

Over a 11, this procedure produced more stripping than the 1-Mi nu te 

Boiling Water procedure, but could not differentiate between mixtures with 

good and poor performance records. 

Short-Term NCHRP 246 Procedure 

The Short-Term NCHRP 246 procedure provided no additional information 

concerning the moisture susceptibility of the mixtures, and no reason was 
found for performing this part of the procedure. There were no relation

ships between the retained ratios and (1) field performance, (2) saturation, 

or (3) visual stripping. The effect of the conditioning process on the 

retained ratios varied with the test and with the mixture, and could not 
be adequately explained by the data. 

Dynamic Tumbling 

All five moisture-susceptible mixtures passed the recommended maximum 

allowable loss of weight criterion (25 percent) used by the Nevada 
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Department of Transportation, and only the Georgia-Grayson mixture produced 

a high loss of weight. As shown by table 2, the tensile strength ratios 
were similar to the ratios produced by the Immersion-Compression procedure 
even though the moisture conditioning process in the Dynamic Tumbling 
procedure was more severe. This method used neither high air voids nor 
vacuum conditioning, and the saturations after moisture conditioning and 

most visual damages were relatively low compared to the other procedures. 
Damages in this procedure did not match the severity of the moisture 
conditioning and testing processes, which indicated tt1at saturation was 

insufficient. 

RECOMMENDATIONS 

1. The moisture susceptibility of the mixtures could not be effectively 

predicted by the following procedures, and thus they are not recommended 

for general use: (1) 1-Minute Boiling Water, (2) Dynamic Tumbling, 
(3) Immersion-Compression, and (4) both Marshall-Immersion procedures. 

The short-term part of the NCHRP 246 procedure provided no additional 

information concerning the moisture susceptibility of the mixtures under 
this procedure, and thus no reason was found for performing this part 
of the procedure. The 10-Minute Boiling Water procedure was also not 

effective and not recommended, except in individual cases where the 

procedure provides results consistent with those of another procedure 
which has a better relationship to field performance. Possibly, it 
could then be used in the field to check for the presence of additive 

iri a mixture. 

2. The best procedures appeared to be the NCHRP 274 and Long-Term NCHRP 

246. A criterion of 80 percent was chosen for both tensile strength 

tests and 70 percent for the Mr test. The NCH RP 274 procedure is 

slightly easier to perform. These procedures are given in appendix A. 
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3. The effectiveness of an additive should be based on both the retained 
ratio and the change in visual damage. It is possible with a border
line mixture that an additive may produce a passing mixture without 
any improvement in the quality of the mixture by decreasing the dry 
mechanical value and/or increasing the wet mechanical value. However, 

it is also possible that visual stripping may decrease without a change 

in the wet value or the retained ratio. Ten-percent or greater visual 

stripping generally indicated moisture susceptibility. 

4. Although no highly expansive materials were encountered in this study, 
measuring swell may still be useful for detecting these materials in 

mixtures which do not strip. However, for moisture-susceptible mixtures, 

it may be difficult to differentiate between expansion due to stripping 

and expansion due to other mechanisms. Swell is based on the change in 

the volume of the specimens and is easy to calculate. 

5. The voids in the mineral aggregate (VMA) for many of the mixtures were 

low compared to recommended criteria(5,6). VMA should be properly 

considered in the mixture design process. Criteria for this property 
were developed to insure that the aggregate is adequately coated. 
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APPENDIX A: Moisture Damage Procedures 

This appendix presents the NCHRP 246( 2) and NCHRP 274(3) procedures. 

NCHRP 246 

PRIED!iCTiVE MOISTURE DAMAGE TEST METHOD USED IN NCH?l!P PROJECT 4-8{3} 

E:FfECi Of WATIEJ'!-RELATEiO COND!TlOl'-:lll\JG 01\l 
IIIJDJRECT TiEl\lS!!.E FAG!l'l:l'lTiiES OF COl'sl'.::>ACTEiO 
BliUllal:llOUS MllfruRiES 

1. Sc:pe 

I. l This method covers measurement of the change of 
diametral tensile strength and diametral (tensile) resilient 
modulus resulting from the effects of saturation -and accel
erated water conditioning of compacted bituminous mix
tures. Internal water pressures in the mixtures are produced 
by vacuum saturation followed by a freeze and warm-water 
soaking cycle. Numerical indices of retained indirect tensile 
properties are obtained by comparing the retained indirect 
properties of saturated and accelerated water-conditioned 
laboratory specimens with the similar properties of dry spec
imens. 

2. App:miltlz 

2. l Two automatically controlled water baths will be re
quired for imrn,ersing the specimens. The baths will be of 
sufficient size to permit total immersion of the test speci
ml:ns. They will be so designed and equipped to permit ac
curate and uniform control of the immersion temperature. 
One bath is provided for bringing the immersed specimens to 
the temperatme of 140:,: 3.6 F (60:,: 2C) for the warm-water
soak portion of the specimen conditioning. The second bath 
is provided for bringing the immersed specimens to either the 
selected testtemperature of 55 :,: 1.85 F (12.8 ± IC) or of73 
:,: 1.8 F (22.8 :,: lC) for the indirect tensile testing. The baths 
will be constructed of or lined with stainless steel or other 
nonreactive material. The water in the baths will be either 
distilled or otherwise treated to eliminate electrolytes; and 
the baths will be emptied, cleaned, and refilled with fresh 
water for each series of tests. 

2.2 One automatically controlled freezer will be required 
for freezing th,e specimens. The freezer will be of sufficient 
size to permit total containment of the test specimens. It will 
be so designed and equipped to permit accurate and uniform 
control of its airtemperature. The freezer is required to bring 
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the specimens to the selected temperature of -0.4 :!:: 3 .6 F 
( - 18 :,:2C) for the freeze portion of specimen accelerated 
conditioning. 

2.3 One vacuum pump with capacity to pull at least 26 in. 
(66 cm) of mercury will be required to water-saturate the test 
specimens. Accessory equipment will include: Pyrex or 
equivalent vacuum jars of at least 6 in. ( 15 cm) diameter and 
8 in. (20 cm) high with smooth fired edges, a donut-shaped 
gasket made of rubber-type sponge, a stiff metal round plate 
greater than 6 in. ( 15 cm) diameter with suitable vacuum hose 
receptacle and hole bored through the plate thickness, vac
uum hose attached to receptacle fitting and vacuum pump, 
and a 6-in. (15-cm) diameter screen-type or highly porous 
specimen spacer seat approximately 0.25 in. ( I cm) high. 

2.4 A compressive testing machine as d,escribed in accord
ance with Method D 1074, but having the controlled deforma
tion rate capability of 0.065 in. per min (0.165 cm per min). 

2.5 Mark III or Mark IV Resilient Modulus Apparatus 
manufactured by Retsina Co., El Cerrito, CA 94530, or 
equivalent. 

2.6 A balance and a room-temperature water bath with 
suitable accessory equipment will be required for weighing 
the test specimens in air and in water (saturated specimens 
only) in order to determine their densities, the amount of 
absorption, and permeable voids. This apparatus is similar to 
that required for Method 02762, Bulk Specific Gravity of 
Compacted Bituminous Mixtures Using Saturated Surface
Dry Specimens. 

2. 7 A supply of plastic film for wrapping and heavy-duty 
leak-proof plastic bags will be required to wrap and enclose 
the saturated specimens for preventing moisture loss during 
handling and freezing. Also, several metal jars ofat least 4 in. 
(10.2 cm) diameter and at least 6 in. (15 cm) high will_ be 
required for bringing dry specimens to test temperature with
out water intrusion into the dry specimens in the water bath. 

3. Te:it Specimen:, 

3.1 At least nine, duplicate 4-in. (102-mm) diameter by 
2.5-in. (63 .5-mm) high cylindrical test specimens of the same 
mixture will be made for each test. The procedures described 



in either Method D1559, Test for Resistance to Plastic Flow 
of Bituminous Mixtures Using Marshall Apparatus, or 
Method D1561, Test for Compaction of Test Specimens of 
Bituminous Mixtures by Means of California Keading Com
pactor, or Method D3387, Test for Compaction and Shear 
Properties of Bituminous Mixtures by Means of the U.S. 
Corps of Engineers Gyratory Testing Machine, will be fol
lowed in preparing the loose mixtures and in molding and 
curing the test specimens. 

4. Grouping, Vacuum Saturation, and Determination of 
Bulk D■ nalty and Permeable Vold■ of THt Speelman■ 

4.1 Allow each set of nine test specimens to cool at room 
temperature for at least 24 hours after completion of spec
imen fabrication described in Methods D1559, D1561, and 
03387. Label each specimen with waterproof identification 
and obtain the dry weight of each specimen to the nearest 
0.1 g. 

4.2 Randomly select a subset, I, of three specimens from 
the set of nine test specimens. Maintain subset I specimens 
in a dry condition. Place subset I specimens in metallic jars 
and then place the jars in a water bath at the selected me
chanical test temperature (refer to section 6 for information 
on the selection of mechanical test temperature) of 55 :: 1.8 
F (12.8 :: I C) or 73 :: 1.8 F (22.8 :: I C) for 5 hours main
taining the top rim of the jars above the water level of the 
bath. Place an insulating stuffing in the top of the jars, making 
contact with the top specimen· s surface and with the jar 
walls, then proceed with the mechanical testing of subset I as 
described in sections 6-9. 

4.3 The six remaining test specimens will be vacuum satu
rated as follows. Place a porous spacer seat on the bottom of 
a vacuum jar and then place one or more of the specimens, 
depending on jar height, flat in the jar using another porous 
spacer seat between the specimens. Put distilled water, or 
water treated to eliminate electrolytes, at 73 F (22.8 C) in the 
jar to about I in. (2.5 cm) above the upper specimen's sur
face. Place a dampened donut gasket and a stiff metallic plate 
on top of the jar. Attach a vacuum hose from vacuum pump. 
Apply a vacuum of 26 in. (66 cm) of mercury to the jars for 
a duration of 30 min., gently agitating the jar wall. Remove 
the vacuum and leave the six specimens submerged in the 
jars at atmospheric pressure for 30 minutes. 

4.4 Remove each of the six specimens from the vacuum 
jars, quickly surface dry the specimens by towel blotting, and 
weigh immediately in air and then weigh submerged in room
temperature water at approximately 73 F (22.8 C). Immedi
ately after weighing each submerged specimen. return the 
specimens to the water-filled vacuum jars and submerge each 
specimen temporarily under the water at atmospheric pres
sure. 

4.5 Calculate the bulk density and permeable voids of 
each of the six vacuum-saturated test specimens as follows: 

Bulk density = AD 
B-C 

Permeable voids,% = IOO (B - Al 
B-C 

where: 
A = weight of dry specimen in air, g; 

(A-1) 

(A-2) 
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B = weight of surface-dry (blotted) vacuum-saturated 
specimen in air, g; 

C = weight of vacuum saturated specimen submerged in 
water, g; and 

D = density of water at 73F (22.8C), g/cc. 

4.6 Sort and assign each of the six vacuum-saturated test 
specimens into subsets, 11 and 111, consisting of three speci
mens each so that the average permeable voids (or average 
bulk density) is essentially the same in each subset. Immerse 
subset II specimens into a water bath at the selected me
chanical test temperature of 55 :!: 1.8 F ( 12.8 :!: I C) or 73 :!: 

1.8 F (22.8 :t 1 C) for 3 hours and then proceed with the 
mechanical testing of this subset described in sections 6-9. 
Condition the subset Ill specimens by using the procedure 
described in section 5. 

5. Acc■l■rat■d Conditioning Proc:■dur■ 

5.1 Maintain specimen surface dampness and internal 
saturation. and wrap tightly each of the three specimens of 
subset III with two layers of plastic film using masking tape 
to hold the wrapping if necessary. Place each wrapped spec
imen into a leak-proof plastic bag containing approximately 
3 ml of distilled water, and seal the bag with a tie or tape. 

5 .2 Immerse each of the three individually wrapped and 
bagged specimens of subset III into an air bath freezer for 
15 hours at -0.4 :: 3.6 F (- 18 :!: 2 C). (If this step begins at 
5 p.m .. specimens can be removed from the freezer at 8:00 
a.m. the following day). 

5.3 Remove the three wrapped and bagged specimens of 
subset III from the freezer and immerse them immediately 
into a water bath at 140:: 3.6 F (60 :!: 2 C) for 24 hours. (After 
3 min of immersion, when specimen surface thaw takes 
place, rapidly. but carefully, remove the bag and wrapping 
from the specimens and rapidly reimmerse the specimens in 
the water bath). 

5 .4 Carefully remove the three unwrapped specimens of 
subset Ill from the water bath, immerse the specimens in a 
water bath at the selected mechanical test temperature of 55 
= 1.8 F (12.8 :: I C) or 73 :: 1.8 F (22.8 :: I C) for 3 hours, 
and proceed with the mechanical testing of this subset as 
described in sections 6-9. 

8. S■ l■ctlon of M■chanlcal THI Temperature 

6. I The selection of the mechanical test temperature for 
the nine specimen set is based on the type of mechanical test 
desired for measurement of the effects of the water-related 
.conditioning. Diametral (tensile) resilient modulus may be 
performed at either 55 :!: 1.8 F (12.8 :: I C) or 73 ± 1.8 F (22.8 
:: I C). Diametral tensile strength is performed at 55 ± 1.8 F 
(12.8 ± I C). !flow-to-moderate stresses are applied to the 
specimens in the diametral (tensile) resilient modulus test, 
this test can be considered nondestructive and the same 
specimens can be also tested using the diametral tensile 
strength test. therefor providing additional mechanical prop
erties data. If this is to be done, specimens must be reim
mersed in the water bath at selected test temperature for I to 
2 hours after diametral (tensile) resilient modulus testing 
prior to the diametral tensile strength testing. 



7. ~l'll~n H::tix!lil"-S Ii, ll'l:, lll$Cl'l::Jn=l Tt1:i1lr,s 1'7u;du= 

7.1 Ead1 specim,en subs:t shall be tested rapidly following 
the completion of their res;p:1:tive test-temperature water
bath soak times all prescribed in section 4.2 for subs:t r. 
section 4.6 for sub~et II, and section S.4 for subset UI. 

7 .2 Remove a subset specimen from the water bath at the 
test temperatme, swface dry by blotting with a towel 
(necesaary for specimens from subsets II and un, measure 
and record the specimen height (thickness) and identifica
tion, and place the specimen with circular ends vertical 
(specimen on edge) into the appropriate mechanical loading 
device .. Test om: specimen at a time, leaving the remaining 
unt,ested specimens in tile water bath. Proceed with testing as 
rapidly all possible because the mechanical testing will ex
pose the specimen to air temperature which may be different 
from the test temperature. Test the specimens by either one 
or both of the procedures described in sections 8 and 9. 

e. TG.~ and Ca~lml!ell Prec~uro 10, Dlmmm!1;:i! 
(Ton::111~) M·C4!1.lll.l:i 

8.1 Place the transducers of the Resilient Modulus Appa
rarus on the specimen at test temperature and proce,:d 
rapi,dly with diametra! loading at 0.1-sec load duration time. 
following the procedures described in the instruction manual 
provided by th,e manufacturer. Record load and horizontal 
deformation. Rotate the specimen 90" and repeat. 

8.2 Calculate the specimen·s diametral resilient modulus 
for each of the two 90' rotations as follows: 

M = P (v + 0.2734) 
" L .l 

(A-3) 

where: 
MR = dianietral resilient modulus. psi (k Pa); 

P = load magnitude applied lo specimen. lb (N); 
v = Poissons ratio of specimen (use 0.35 unless mea

sured specifically); 
0.2734 = dimensionless strain integration constant for 4-in. 

(10.2-cm) diameter specimens; 
L = thickness of specimen. in. (cm): and 
.l = horizontal deformation magnitude of specimen, in. 

(cm). 

The average of the two 90" resilient modulus values is calcu
lated for this specimen and test temperature. Return speci
men to waler bath if a diametra! tensile strength test is also 
to be performed on the sanie specimen. 

8.3 Repeat by testm:; the two remaining specimens in the 
subset, and calculate the overall average diametral resilient 
mooulus for the subset of three specimens. 

8.4 Repeat procedur~ and calculations described in sec
tions 8.1-8.4 for the remaining two subsets of three ·speci
mens each. 

8.5 Proceed to section 10, Calculation. 

9. Te$l an,d Cill!,culallcn P,0ea-i:11m, 10, Olamalra! 
Te11oll~ S!?o~glh 

9.1 Place and center a subset specimen at test temperature 
under th,e flat loading head of the compression test machine, 
and- proceed quickly with diametral loading at a vertical 

deformation rate of0.065 in. per min (0.165 cm per min). The 
specimen is placed on its edge without support blocks or 
loading strips). Record the maximum compressive load. Im
mediately decrease load to zero, remove specimen and mea
sure specimen edge or side flattening to nearest 0.1 in. (0.25 
cm). Th.is can be accomplished easily by stroking the top 
flattened edge ( side) with a piece of chalk held lengthwise to 
delineate the flattened width and then using a scale to mea
sure the average maximum width of the flattened edge. Re
cord this width. 

9.2 Replace the specim,en in the compression test machine 
with its original orientation (flattened edges top and bottom) 
and red.eform the specimen at 0.065 in. per min (0. 165 cm per 
min) until a definitive vertical crack appears and opens. De
crease load to zero, remove specimen. and slowly pull apart 
the two sides of the specimen at the crack. The internal 
surface may then be observed for stripping and recorded 
qualitatively. 

9.3 Calculate the specimen's diam.etral tensile strength as 
follows: 

S _ S10 P 
' - 10,000 L 

(A-4) 

where: 

S, = diametral tensile strength, psi (k Pa); 
S,o = maximum tensile stress, psi (k Pa). obtained by 

calculatin:,: 1591 + 437a - 1889 a' + 2854 a' - 2474 
a' + 885 a•, where a = flattening width, in., based 
on a 4 in. ( 10.2 cm) diameter solid cylinder loaded 
at 10,000 lb (22 kg) per inch (cm) thickness (note: 
to calculate S 10 in SI units, first calculate Srn in 
U.S. customary units of psi using the polynomial 
constants as shown, with a in inches, then convert 
psi to k Pa using l psi = 6.895 k Pa); 

P = maximum compressive load on specimen, lb (N}: 
10,000 = load constant: 10,000 lb per in. of thickness ( 17.512 

N per cm of thickness); and 
L = thickness of specimen. in. (cm). 

9.4 Repeat by testing the two remaining specimens in the 
subset, and calculate the overall average diametral tensile 
strength for the subset of three specimens. 

9.5 Repeat procedure and calculations describe\'.! in sec
tions 9.1-9.4 for the remaining two subsets of three speci
mens each. 

9.6 Proceed to section 10, Calculation. 

10. Celcl.l!31lC,~ 

IO.I Calculate the numerical indices of the effects of vac
uum saturation and accelerated conditioning as the ratios of 
the mechanical properties of subsets II and m to the mechan
ical properties of subset I for the specified test temperature 
as follows: 

M R = MR (II) and M R, = Ma (III) 
" 

1 Ma ([) " • Ma (I) 
(A-5) 

where: 
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M" R1 = diame!ral resilient modulus ratio of saturation: 
M" R2 = diametra! resilient modulus ratio of accelerated 

conditioning; 



MR (I) • averqe diametral resilient modulus of specimen 
subset I, psi (k Pa); 

MR (II) = averqe diametral resilient modulus of specimen 
subset II, psi (k Pa); and 

MR (Ill) • averqe diametral resilient modulus of specimen 
subset Ill, psi (k Pa). 

TSR • S, (II) and TSR • S, (III) (A-6) 
I s, (I) ' s, (l) 

where: 

TSR, • diametral tensile strenath ratio of saturation: 
TSR, • diametral tensile strenath ratio of accelerated 

conditionina: 
S, (I) • averqe diametral tensile strenath of specimen 

subset [, psi (k Pa); 
S, (II) • averqe diametral tensile strenath of specimen 

subset II, psi (k Pa); and 

NCHRP 274 

IIETHOO Of TEST FOR DETERMINING THE 
EFFECT OF MOISTURE AND ANTISTIIIPPING 
ADDmVES ON ASPHALT CONCRETE PAYING 
MIXTURES 

1. Scope 

S, (Ill) • averace diametral tensile strenath of specimen 
subset Ill. psi (k Pa). 

Ratios wiU be reponed to the nearest hundredth. 
10.2 Ratios may be interpreted as follows. MRR, and 

TSR, are related to shon-term pavement performance (e.g., 
2-4 yr). and MR R, and TSR, are related to Iona-term pave
ment performance (e.g., 4 yr or more). Low ratios are asso
ciated with the tnixture · s inability to resist moisture elfects. 

11. Slngl1 O!Mnta, Pf■clllon 

11.1 The sinale operator standard deviation bas been found 
to be 14 pe~ent for MRR and 10 pe=t for TSR. (These 
numbers represent. respectively, the (IS) and (D2S) limits as 
deS<:ribed in ASTM Recommended Practice C 670, for Pre
pariq Precision Statements for Test Methods for Construc
tion Materials.) Therefore. results of two properly conducted 
tests by the same operator on the same material should not 
differ by more than 40 pe~ent for MRR and 28 percent 
for TSR. 

This method contains procedures for preparing and testing 
specimens of aspbaltic concrete for purposes of measuring the 
effect of water, or the effectiveness of antistripping additives on 
the tensile strength of the paving mixture. The method is ap
plicable to dense mixtures such as those appearing in the upper 
half of Table 3, ASTM Specification D 3515. The method can 
evaluate the effect of moisture with or without additives, the 
effect of liquid antistripping additives which are added to the 
asphalt cement, or pulverulent solids such as hydrated lime or 
ponland cement which are added to the mineral aggregate. 
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2.1.ASTMS~ 

• D 979 M~ for Sampling Bitumino1JS Paving Mi:ttu= 
• D 1559 To=; ra ~c: to Pla:itic Flow of Bituminous 

Mmt= by M=h:ill Ap~tm 
• D 2041 Te:it for Th=imiul Ms:timum S~c Gravity of 

Bitummou:i Pavin; Milt= 
• D i726 Te:it for Bulk S~c Gravity of Comi=ted Bi

tummom Mutun::i Using Saturated Surl'=-Dry Spec
imem 

• D 3203 Te:it for Fer=t Air Voi~ in Compacted De= 
and Opffl Bltwn.ino1JS Pavmg Muture:l 

• D 3515 S~cation for Hot-Mtted, Hot-Laid Bituminoll5 
Paving Mllnm:e 

• D 3549 Te:it for Thicxn= or Hcight of Compacted Bi
tuminous Paving Mtttun: Specim= 

• D 3665 Fractlc: for Random Sampling of Construction 
Matmal:! 

• D 4123 Method of Indire.:t Tensile Test for Resilient Mod
Wlll3 of Bitwn.inou.s Muture:l 

This method can be used to test asphaltic concrete !llllture:l 
in conjunction with mixture de:iign testing to determine whether 
or not moilltura damage is ~ve~ enough so that an additive 
should be considercl. and if it is ~vcre enough. to determine 
whether or not an antistripping additive is effe<:tive and what 
doo: of additive is most effective. [t can also be used to te:it 
mnt= produc:d at plants to determine the ~verity of mow
ture damage and the effe<:tivencss of additives under conditiolll! 
imp:ud by comtruction in the field. Finally, it can be used to 
test corei from completed pavements of any age to determine 
the severity of moisture danIBge and the effectiv.enee:i of additive!! 
under conditions of e:tposun and servic: in the field. 

4. &imrrI~f c1 Me!llcd 

4.1. To determine the saverity of moisture damage and decide 
whether or nol an additive should be considered, a ~t of lab
oratory-compacted specim= conforming to the job-mu for
mula without additive is prepared. The s,:ecim= are comp,,,:ted 
to a void content =~:i to void levels expected in the 
field, usu:illy in tb!I 6 to 8 percent range. The ~t is divided into 
two suwtll of l!.Jll)l'O:tim:lt:ly egw.l void content, and one subset 
is mainwned dry, while the other subttt is saturated with water 
and moisture conditioned. The tensile strength of each subttt 
is determined by the tensile splitting test. The ~verity of mois
ture damage is indicated by the ratio of the tensile st=:tii of 
the wet subset to that of the dry subset. 

4.2. To determme the effectiveness of an antistripping additive 
a set of specimens containing additive but otherwise the same 
as the ~I in Se<:tion 4.1 is prapand and tested, and the ~verity 
of the moist= damage is determined in the manner d=ribed 
"in Se<:tion 4.1. The effe<:tiveness of the additive is indicated by 
the improv,ement in the wet-to-dry ratio of the ~t containing 
additive com!)31"ed to the set without additive. The effect of 

additive dos:ige 1n2y be esti=ted by ,ei=ting the !et with 
different additive dO!:!g~-

4.3. To determine the ~verity of moistur.: dam:a~ or the 
cffectivenl:!3 of an additive in mi:ttun produ~ in an a:iphl!lt 
plant in the field, specimem are 12b:l:ratory =pacted to field 
level void content, divided into wet and dry sul:u!ll, and the 
sa!Verity of moisture daimg1! or the effe.:tiveness of the additive 
is determined as in Section 4.2. 

4.4 To determine the ~mcy of mci!>,run damage or the 
effectiveneea of an additive in specimen!! cored from a pavement, 
corl:l ara maintained at in-pl= moistun content until temilc 
strength is m=ured. This stren:th may be compand to the 
temile strength determined pravioU!ly be!ora moistun ~ 
=urred. 

5. ~r.rtll:) 

5.1. Equipment for pra;mmg and compacting si;=:imens from 
Method D 4123. 

5.2. Vacuum pump or water a:ipirator, manometer or vacuum 
gauge, and conwner, preferably Typ! D, from Method D 2041. 

5.3. Balanc: and water bath from Method D 2726. 
5.4. Water bath or oven capable of mainwning a temperature 

of 140 F for 24 hours. 
S.S. Loading jack and ring dymmommr from Method D 

!SS9, or a mechaniul or hydraulic te5ting machine cap:ible of 
maintaining the required strain rate and m=uring lood with 
suitable pre<:ision. 
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s.e. Loading strips from Method D 4123. 

e.1. Al !C3l!t SU specimens shall be made for C3Ch le!t, !brae 
to be tested dry and 1hre: 10 be tested after saturation and 
moisture conditioning. 

e.2. Specimens 4 in. in di.a.meter and 2.5 in. thick are usually 
used. Specimeru, of other dimensions may be used if desired and 
should be used if aggr~te larger than 1 in. is present. 

e.3. When 4-in. x 2.S-in. si:e;imens are used, mixtures shall 
be prepared in batche5 large enough to ma!i:e at least 3 si:e;im=. 
When larger specimens are used, bat,;:hes may be prepared for 
each specimen. Cf th~retical maximum specific gravity is to be 

determined, the bat,;:h should be large enough to provide the 
specimen for th.at purpose also. 

U. When a liquid antistripping additive is used, the asphalt 
cement in sufficient quantity for one bat,;:h shall be he:ited to 
300 Fin a cl~ om, quart can in an oven. Toe required quantity 
of additive shall be added. Immediately lower a mechanical 
strirrer to within I in. of the bottom of the container, and mix 
the contents for 2 min. Maintain the treated asphalt cemc:it at 
300 F in the cl~ can until it is used. If the treated asphalt 
cement is not used on the same day in which it is prepared, or 
if it is allowed to cool so that it would requira reheating, it shall 
be discarded. 

6.5. When a pulverulent solid antistripping additive is used, 
the batch of mineral aggregate shall be dried, composited, and 
he:ited to 300 F. The required quantity of additive shall be added 
to the aggregate, and the entire = shall be thoroughly mixed 
until a uniform distribution of additive has been achieved. Can 



shall be taken to minimiu 1Qa of additive to the atmosphere 
io the form of dust. After IDWlll, maintain the treated aggregate 
at the temperature required for IIIWDg uotil it is used. 

U. Proportion. rniz, and c:ompect specimens io accordance 
with Method D 4123 IDll Sectiolll 6.6.1 and 6.6.2. 
· U.1. After IDWlll, llllliJize mixture temperature at the re
quiml compaction temperature in a closed container io an oven 
for from I to 2 houn. 

e.e.z. Compact specimelll to 7 :t I percent air voids, or a void 
levd expc,cted in the field. Thil level of voids can be obtained 
by adjusting the static load io double pluoger compaction; the 
number of blows io Manha1l hanwer compaction; the foot 
pRlllll'e, number of tampl, leveliog load, or some combination 
io kneadio& compaction; or the number of revolutions io gy
ratory compaction. The euct procedure must be determined by 
trial for each mixture. 

e.u Cool specimens to room temperature u rapidly u pos
sible in a stream of moving air, extract from molds, and proceed 
with Section 9 immediately if possible, but within 24 houn at 
mOIL 

7. Pr9pa.don Of Flalcl Speclmene 

7.1, Select a truclr. to be sampled io accordance with Practice 
D 3665. 

7.2. Secure a sample from the truck at the plant io accordance 
with Method D 979. 

7.3. Stabilize mixture temperature to approximately the tem• 
perature fouod io the field when rolling begins. Maintain this 
temperature in a closed container, in an oven if necessary, for 
approximately the time lapse between mixing and the start of 
actual rolling. 

7.4. Compact specimens in accordance with Section 6.6.2. and 
cool and extract from molds in accordance with Section 6.6.3. 

7.5. If specimens are not to be compacted in the field labo
ratory, place the samples in a sealed container, transport to the 
laboratory, and reheat to the temperature required in Section 
7.3. Theo proceed with Section 7.4. 

L Preparation of Cor9 Tnt SpeclrMM. 

I. 1, Select locations to be sampled on the completed pavement 
or pavement layer in accordance with Practice D 3665. 

8.2. Core at the selected locations in accordance with Method 
D 979. A wet coring proc:eu should be used, and the periphery 
of the core should be blotted dry immediately after it is taken. 
Wrap the core in plastic wrap or otherwise protect it to maintain 
field moisture conteot until the test layer of the core is separated. 

1.3. Separate core layers as necessary by sawing or other 
suitable means. A wet sawing process is preferred. and the 
periphery of the test layer of the core should be blotted dry 
immediately after it is sawn. Wrap the test layer m plastic wrap 
or otherwise protect it to maintain field mmsture content until 
it is tested. 

t.1. Determine the theoretical maximum specific gravity by 
Method D 2041. 
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t.2. Determine specimen thickness by Method D 3549. 
t.3. Determine the bulk specific gravity by Method D 2726, 

and express the volume of the specimen io cubic centimeten. 
The term (B-C) io Method D 2726 is the volume of the specimen 
io cubic centimeters. 

t.4. Calculate air voids by Method 3203, and express the 
volume of air io cubic .centimeters. The volume of air is the 
volume of the specimen from Section 9.3 multiplied by the 
percentage a.ir voids. 

t.5. Sort specimens into two subsets so that average air voids 
of the two subsets are approximately equal. Store the subset to 
be tested dry at room temperature. 

I.I. Saturate the subset to be moisture conditioned with dis
tilled water at room temperature. If it is difficult to reach the 
minimum degree of saturation of 55 percent required io Section 
9.6.3, the water used to saturate may be heated up to 140 F. 

t.e. 1, Saturate by applying a partial vacuum such u 20 in. 
Hg for a short time such u 5 min. 

Nau 1: Experimenu with pamal W1C11Um at room temperatun 
indicate that dtgrtt of lQturation is ~,y u/Ui~ to tire magnitude 
of tire W1C11um and prat:tically indepentknt of tire duration. T1te 
level of W1C11um nttded ap(H/Qn to ~ diffennt for diffennt mi.x
turn. 

U.2. Determine bullr. specific gravity by Method D 2726. 
Determine the volume of abeorbed water by subtracting the air 
dry weight of the specimen fouod in Section 9.3 from the sat• 
urated surface dry weight of the saturated specimen fouod io 
Section 9.6.2. 

t.9.3. Determine the degree of saturation by dividing the vol
ume of absorbed water fouod io Section 9.6.2 by the volume of 
air voids fouod io Section 9.4 and expressing the result u a 
percentage. If the volume of water is between 55 and 80 percent 
of the volume of air, pr~ to Section 9. 7. If the volume of 
water is less than 55 percent, repeat the procedure beginoiog 
with Section 9.6. 1 using a slightly higher partial vacuum. If the 
volume of water is more than 80 percent, the specimen bu been 
damaged and is discarded. 

Nou 2: If the a~rage air voids of the saturated subut is less 
than 6. 5 percen~ saturation of at lea.t 70 percent is recommended. 

1.7. Moisture-condition the saturated specimens by soalr.ing 
in distilled water at 140 F for 24 houn. 

t.l. Adjust the temperature of the moisture-conditioned sub
set by soalr.ing io a water bath for I hour at 77 F. 

t.t. On moisture-conditioned subset, measure thickness by 
Method D 3549, and determine bulk specific gravity by Method 
D 2726. 

9.t, 1. Determine water absorption and degree of saturation 
in accordance with Section 9.6.2 and Sec.lion 9.6.3. Saturation 
exceeding 80 percent is acceptable in this step. 

9.9.2, Determine swell of saturated specimens by dividing the 
change in specimen volumes found in Sections 9.6.2 and 9.3 by 
the specimen volume fouod io Section 9.3. Determine swell of 
conditioned specimens by dividing the change io specimen vol
umes fouod in Sections 9.9 and 9.3 by the specimen volume 
found in Section 9.3. 

9.10, Adjust temperature of dry subset by soaking in a water 
bath for 20 min at 77 F. 



9.11. Dete:rmine te:ruiile stmlgth at 77 F of both sute.m. 
9.11.1. Apply dwnm::tl lood in acam:!mu with Method D 

4123 at 2.0 in. per ilml!nU until the im.:timum lood is reached, 
and rerord tha m:i:cm= lm.d. 

9.11.2. Continu: lccd:i!!.:3 until specimen fractures. Break Ollffl 
and esti=u and r=m stripping. if any. 

9.11.3. lmpect all surf::.caa, including the failed f= for evi
denu of cnd,ed or broken aggr2ga1e, and r=rd o~rvatiom. 

10.1. Teruile Strength 

S, = 2Pl1rtD 

when: 

S, = tensile strength, !)lli; 
P = ma.timum load, lb; 
r = specimen thlckne:s:i imm~tely before tensile test, in.; 

and 
D = specim,en diameter, in. 

10.2. Tensile Strength Ratio 

T"SR = (S,~/S,,)100 

whera: 

T"SR = tensile strength ratio, percent; 
S ~ = average ten!ile strength of moisture-conditioned subo<:1, 

psi; and 
S., = average tensile strength of dry subset, !)lli. 

11.1. Average room temperature at which any me:!Surements 
are made. 

11.2. Number of specimens in each subset. 
11.3. Average de;ire: of saturation after saturating and after 

moisture conditionzj. 
11.4. Average swell after satuiating and after moisture con-

ditioning. 
1 U .. Tensile strength of e,ach specimen in each subut. 
11.e. Tensile strength ratio. 
11.7. Results of estimaud stripping o~ed when specimen 

fractures. 
11.e .. Results of obsuvatiom of f=tund or crushed aggre

gate. 

12.1. Precision of the method is UI1der study. 
12.:2. Tests on one moisture-conditioned mixture contain.mg 

additive in one laboratory indicate that the difference in tensile 
strength betw= duplicate specimens should not exceed 25.2 
psi. 
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