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Proper structural design of asphalt concrete pavement systems relies in part on a 
thorough understanding of the response of the constituent materials to load. Such re-
sponse has two components: (a) strength, which represents the limiting condition such 
as fracture or slip, and (b) deformability, which represents the stress -strain-time re-
sponse before the failure or limiting condition is attained. 

Even though a great deal of research has been devoted to characterizing the response 
of these materials, there is a noticeable lack of accord as to proper test procedures, 
theories of behavior, and test results. This situation is readily explainable in view of 
the following: 

The variety of materials encountered by the pavement designer is unlimited be-
cause of the nature of these multiphase materials and the manner in which they are man-
ufactured from, in large part, locally occurring but often artificially processed ingre-
dients; 

The nature of the pavement structure in which these materials are used depends 
greatly on the function to be performed by the pavement and varies, for example, from 
an oil treatment of an unprepared soil to a substantial thickness of asphalt concrete 
placed on a high-quality treated base course over a carefully prepared subgrade; 

During the service life of a pavement, a number of environmental conditions 
change including temperature and moisture content, and the material properties are 
altered because of factors such as thixotropy, aging, curing, and densification; 

The response of pavement materials to loading is extremely complex and for the 
most part even under in-service stress intensities is characterized by nonlinear, 
inelastic, rate-dependent, anisotropic, and sometimes temperature- and moisture-
sensitive behavior; 

Until recent years, solutions to pertinent boundary value problems have been non-
existent or at least not readily available; and 

The approach to the problem has been piecemeal at best and has involved many 
different researchers from many different agencies each striving for an optimal solution 
to a singular problem of limited scope and sometimes prejudiced intent. 

The purpose of this paper is to summarize some of the experimental laboratory work 
that has been devoted to characterizing the behavior of pavement materials on a phenom-
enological basis. Attention is limited to cohesive and cohesionless soils, unbound ag-
gregate bases, and bituminous paving mixtures and is concentrated on those test proce-
dures that seem capable of providing the most useful results for rational pavement anal-
ysis. Pertinent variables affecting material response, an understanding of which is 
essential for proper interpretation of test results, is given in the following outline. 

I. 	Loading variables 
A. 	Stress history (nature of prior loading) 

Nonrepetitive loading (such as preconsolidation) 
Repetitive loading 

Nature, whether simple or compound 
Number of repetitive applications 

B. 	Initial stress state (magnitude and direction of normal and shear stresses) 
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C. Incremental loading 
1. 	Mode of loading 

Controlled stress (or load) 
Controlled strain (or deformation) 
Intermediate modes 

2. 	Intensity (magnitude and direction of incremental normal and shear stresses) 
3. 	Stress path (relation among stresses, both normal and shear, as test progresses) 
4. 	Time path 

a. Static 
Constant rate of stress (or load) 
Constant rate of strain (or deformation) 
Creep 
Relaxation 

b. Dynamic 
Impact 
Resonance 
Other, including sinusoidal (rate of loading is variable) and pulsating 
(duration, frequency, and shape of load curve are variables) 

5. 	Type of behavior observed 
Strength (limiting stresses and strains) 
Deformability 

6. 	Homogeneity of stresses 
7. Drainage 

II. Mixture variables 
A. Mineral particles 

Maximum and minimum size 
Gradation 
Shape 
Surface texture 
Angularity 
Mineralogy 
Adsorbed ions 
Quantity 

B. Binder 
Type 
Hardness 
Quantity 

C. 	Water (quantity) 
D. Voids 

Quantity 
Size 
Shape 

E. 	Construction process 
Density 
Structure 
Degree of anisotropy 
Temperature 

F. Homogeneity 

Ill. Environmental variables 
Temperature 
Moisture 
Alteration of material properties with time 

Thixotropy 
Aging 
Curing 
Densification 
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Test configurations are listed in the following outline. 

I. Tension 
Uniaxial tension 
Indirect (splitting) tension 
Cohesiometer 

II. Compression 	 . . 
A. 	Unconfined, uniaxial compression 
B. 	Triaxial compression 

1. 	Open system 
Isotropic compression 
Conventional triaxial compression, whether normal, vacuum, or high-pressure 

C. 	Box with cubical specimen 

2. 	Closed system 
Oedometer 
Cell 

C. 	Hveem stabilometer. 

Ill. Flexure 	 . 
A. Rotation 

Roating 	 . 
Nonrotating  

B. Loading 
Cantilever 
Simple beam 

Point support 
Uniform support 

IV. 	Direct shear 
Direct shear (rigid split box) 
Double direct shear 
Uniform direct shear (rigid caps with confined rubber membrane and split rings for 
lateral restraint) 
Uniform strain direct-shear (hinged box) 
Punching shear 

V. Torsion 
Pure torsion 
Triaxial torsion 
Specimen shape 

Solid cylinder 
Thick-walled, hollow cylinder 

VI. Indirect 
Penetration tests 
Squeeze tests 
Marshall stability 
Angle of repose 
Others 

Possible specimen shapes are enumerated in the following. 

I. Rectangular parallelepiped 
Short 
Long 
Cubic 

II. Cylinder 
A. Solid 

Short 
Long 

B. 	Thick-walled, hollow 
Short 
Long 

III. Plate 

IV. Other 
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STRENGTH 

Strength represents the limiting or failure response of materials to load. In general, 
pavement materials can fail in one of three ways: (a) fracture due to excessive tensile 
loads (induced primarily by traffic or thermal gradients), (b) fracture due to repetitively 
applied tensile loads having magnitudes less than the ultimate tensile strength (fatigue), 
and (c) slip or relative displacement due to the action of shearing stresses. (The man-
ner in which pavements fail or become distressed is discussed in other papers included 
in this Special Report.) Crushing failures involving individual aggregate particles are 
of no significance in pavement systems. 

Tensile Strength 

Only those bound components of the pavement structure are capable of withstanding 
significant tensile stresses without rupturing. Of these, only the asphalt paving mix-
ture is considered here. Tensile strength of asphalt mixtures is considered important 
in three areas of design, including (a) fracture due to the single application of a large, 
normally applied load; (b) slippage, such as might be induced by large braking forces; 
and (c) thermal cracking. 

Kennedy and Hudson (55) have reviewed tensile testing equipment and procedures 
that have been applied to highway materials including the direct tensile test (specimen 
usually cemented by an epoxy resin to end caps), beam tests (including simply supported 
beams and the cohesiometer), and indirect or splitting tensile tests. They concluded 
that the indirect test was the most appropriate for examining tensile properties of high-
way materials. Regardless of the test equipment used, the tensile strength is usually 
defined as either the peak stress on the resulting stress-strain curve or the stress at 
break. 

Table 1 gives a number of variables that are known to influence the tensile strength 
of asphalt mixtures. Most notable among these variables are probably rate of loading 
and temperature except at low temperatures, where rate of loading and temperature 
increments have minor effects. Tensile strengths at low temperatures have been re-
ported to range from about 500 to 1,400 psi (24). 

Of interest also is the strain or elongation that occurs at the point of rupture. Moni-
smith and colleagues (78) suggest that an appropriate means for examining this strain 
is a double logarithmic plot of rupture stress (factored by the ratio of 293 to the abso-
lute temperature) versus strain at rupture. Their data show that a maximum rupture 
strain of about 1 percent occurs at an intermediate rupture stress level and that mini-
mum rupture strains of about 0.1 percent occur at both larger and smaller rupture 
stress levels. For the conditions investigated by Haas and Anderson.(33), the fracture 
strain decreased monotonically as fracture stress increased. In any case it appears 
that the minimum fracture strain occurs at low temperatures and is on the order of 0,1 
percent (24). Table 2 gives some of the variables influencing the tensile strain at 
rupture. 

Finally, it may be possible to relate tensile strength to mixture stiffness (a.rneasure 
of deformability). Haas and Anderson (33) show that there can exist an optimum stiff-
ness modulus that yields a maximum tensile strength. 

Fatigue Strength 

The repetitive application of tensile stresses having magnitudes less than the tensile 
strength can ultimately cause fatigue cracking in bound materials. Attention is limited 
here to a review of the fatigue behavior of asphalt paving mixtures. 

In recent years, a number of laboratory investigations have been initiated to define 
the fatigue behavior of asphalt paving mixtures, to determine the causes of observed 
fatigue behavior, and to ascertain the influence of mixture variables on this behavior. 
These investigations have used a variety of specially built equipment. The range of 
equipment capabilities and test configurations is indicated as follows: 

1. 	Mode of loading —controlled stress, controlled strain, and intermediate but un- 
defined modes; 
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TABLE 1 

TENSILE STRENGTH OF ASPHALT MIXTURES 

Change in Effect on  
Variable Variable 

Tensile Reference Remarks 
Strength 

Loading 
Rate of loading Increase Increase 21, 40, 42, 47, Effect increases as 

55, 119 temperature in- 
creases 

Type of test Change Change 53 Strength signifi- 
cantly greater 
for splitting 
tests than direct 
tests 

Mixture 
Asphalt source Change Change 33 
Asphalt content Increase Increase 34 3.5 to 7.0 percent 

Increase Optimum 40 
Asphalt hardness Increase Increase 34, 47 

Change Change 42 50 to 110 penetra- 
tion; possible 
maximum 

Compaction tempera- 
ture Increase Increase 34 200 to 300 F 

Mixing temperature Increase Increase 34 250 to 350 F 
Type of compaction Change Change 34 Stronger for im- 

pact than for 
gyratory shear 

Aggregate type Change Change 34 Stronger for 
crushed lime- 
stone than for 
rounded gravel 

Mineral filler type Change Change 37 Asbestos mtneral 
filler produced 
considerably 
higher strength 
at low tempera- 
tures 

Filler-bitumen ratio Increase Optimum 20 

Environment 
Temperature Decrease Increase 21, 33, 40, 47, Particularly signif- 

53, 119, icant in range of 
125 20 to 80 F; rela- 

tively unaffected 
at low tempera- 
tures 

Specimen shape —cylindric al, beam, and circular with reduced cross section, 
plate, and trapezoidal beam; 

State of stress—uniaxial, biaxial, and triaxial; 
Load type—sinusoidal and pulsating; 
Load frequency-3 to 3,000 cycles per mm; and 
Specimen support—rigid, spring, and pressurized fluid. 

TABLE 2 

TENSILE RUPTURE STRAINS OF ASPHALT MIXTURES 

Variable 
Change in 
Variable 

Effect on 
Rupture 
Strain 

Reference 	Remarks  

Loading 
Rate of loading 119 	No clear effect 

Mixture 
Asphalt content Increase Increase 24,119 
Filler-bitumen ratio Increase Optimum 20 
Asphalt hardness Increase Decrease 42 

Environmental 
Temperature Increase Increase 33, 42, 119 
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Each particular apparatus has its special advantages and, of course, its limitations. 
None is sufficiently universal to warrant its adoption as a standard testing device, and 
all must be considered as research tools having specific and limited uses. Because of 
this, extreme care must be exercised for the valid interpretation of test data and for 
their use in pavement design. 

The following represent the current state of knowledge of fatigue of asphalt paving 
mixtures. 

Under conditions of constant air void and asphalt contents, the determinant of 
fatigue failure is the maximum principal tensile strain in the mixture (90). 

Mixture stiffness plays a dominant role in determining fatigue behavior, and any 
factor influencing mixture stiffness may likewise affect fatigue behavior. 

Damaging fatigue loading causes a reduction in flexural strength (modulus of 
rupture) (77). Mixture stiffness is likewise decreased by fatigue loading, but the mag-
nitude of the decrease is a function of the method for measuring stiffness (6, 14, 90). 

Mode of loading has a tremendous effect on fatigue behavior. For identical 
initial stresses and strains, the fatigue life (number of repetitions to failure) is con-
siderably larger for controlled- strain loading than for controlled- stress loading (75). 

The roles of mixture stiffness and mode of loading are interrelated. For 
controlled-stress loading, specimens exhibiting the largest initial stiffnesses tend to 
perform most satisfactorily (largest fatigue life at a given stress level) as long as the 
mixture is nonbrittle and has a reasonable balance among the proportions of its con-
stituent materials. The reverse appears to be true for controlled- strain loading (75). 

For controlled- stress loading, the mean fatigue life, N, is related to the applied 
stress level, a, as follows: 

	

= K1(1/a) 1 	 (1) 

where K1  and C1  are constants. There is no evidence of an endurance limit (a limiting 
value of stress below which a material can endure an infinite number of stress cycles 
without failure) up to at least 108  load applications (15, 52, 90). lithe mixture is linear, 
then the following equation is also valid 

	

= K2(1/€) 2 	 (2) 

where K2  and C2  are constants and E is the initial tensile strain. Similar equations can 
be used to define the simple-loading fatigue behavior under controlled- strain loading; 
however, the possible existence of an endurance limit under such loading is unknown (75). 

In evaluating variables whose effects on fatigue behavior can be explained pri-
marily in terms of associated effects on mixture stiffness, all data obtained under 
controlled-stress loading can often be represented by a single equation, Eq. 2. Thus, 
Pell and Taylor (93) found it possible to express the effects of temperature and speed 
of loading in the single form of Eq. 2, and Bazin and Saunier (6) and Kirk (56) used a 
similar procedure to evaluate the effect of temperature. 

The constants of Eqs. 1 and 2 depend on mixture composition, conditions of test-
ing, and the definition of failure. Recently reported values for the exponent C1  in the 
controlled- stress mode of loading include 2.5 to 5.9 for an asphalt concrete depending 
on asphalt type (96); 5.3 to 5.9 for linear mixtures and 1.6 to 3.5 for nonlinear mixes 
depending on asphalt penetration (93); and 5.2 for a sandsheet mixture (6). 

The linear summation of cycle ratios governs fatigue behavior of asphalt mix-
tures that are subjected to multiple strains of varying and random magnitude (15). This 
means that at failure 

	

= 1 	 (3) 

where flj is the actual number of applications of strain ( under the compound loading 
and N1  is the number of applications of strain E1  that would have resulted in failure under 
simple loading in which E, was repetitively applied by itself. 
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Fatigue test data exhibit extreme variability as compared with other testing 
methods. The fatigue life of specimens tested in simple, controlled-stress loading 
under supposedly identical testing conditions can be approximated by the logarithmic 
normal probability distribution (93). 

On the basis of limited evidence it is possible that rest periods may be bene-
ficial for asphalt paving mixtures depending on the length of the period, the tempera-
ture, the characteristics of the mixtures, and the stress conditions existing within the 
mixture (6, 90). Peel (93) recently concluded that possible beneficial effects will be 
observed only for mixes made with very soft binders and rested at high temperatures 
under a compressive stress. 

A list of factors known to influence fatigue behavior of asphalt mixtures is given 
in Tables 3 and 4. Monismith and Deacon (75) give explanations of most of these effects. 

It has recently been proposed that the effects of asphalt viscosity, temperature, 
mode of loading, and presumably rate of loading for simple forms of testing could be 
expressed as 

N1  = K No (/1)a (1/E)C1 	 (4) 

where N1  is fatigue life at temperature T1; K is a constant depending on mix; No  is an 
experimentally determined fatigue life at some convenient, standard temperature, TO; 
€ is dynamic tensile strain in mix; 70 is asphalt viscosity at TO; t1 is asphalt viscosity 
at T1; a varies between +1 (controlled strain) and -1 (controlled stress) depending on 
mode of loading; and a varies between 4 and 6 depending on the type of fatigue test used 
(99). Extensive future work is warranted to examine the validity of Eq. 4 and to develop 
it into a working design tool. 

Shear Strength 
Shear failures can occur in one or more pavement layers if the imposed loads are 

sufficiently large that the shear stresses exceed the shear strengths. Such failures are 
perhaps the most catastrophic of all pavement failures inasmuch as large relative dis- 

TABLE 3 
FATIGUE BEHAVIOR OF ASPHALT MIXTURES FOR CONTROLLED-STRESS LOADING 

variable Change in 
Variable 

Fatigue Life 
at Given 
Stress 

Reference Remarks 

Loading 
Rate of loading Increase Increase 90, 93 Stiffness increased for loading 

conditions used 
Increase Decrease 14 Stiffness decreased for load- 

ing conditions used 
Increase Constant 77 Stiffness constant for loading 

conditions used 
Load duration Increase Decrease 14 For pulsating loads 

Mixture 
Asphalt content Increase Optimum 19, 51, 93 Optimum asphalt content de- 

pends on aggregate type 
and gradation 

Air void content Increase Decrease 6, 14, 19, 52, 95 
Air void structure 19 Important 
Asphalt type 19 Effects primarily mixture 

stiffness 
Asphalt hardness Increase Increase 6, 19, 51, 72 
Aggregate type 6, 19, 51 Effect of surface texture and 

shape small at same as- 
phalt content 

Aggregate gradation Increase Increase 19, 75 Open to dense-graded 
93 No great effect 

Mineral filler Increase Optimum 93 

Environmental 
Temperature Increase Decrease 75, 93 
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TABLE 4 

FATIGUE BEHAVIOR OF ASPHALT MIXTURES FOR CONTROLLED-STRAIN LOADING 

Variable Changein 
Varile 

Fatigue Life 
at Given 
Strain 

Reference Remarks 

Loading 
Strain reversal 77 No effects observed, maximum 

strain governs 
56 Effects observed, difference in 

maximum and minimum 
strains governs 

Mixture 
Asphalt content Increase Increase 90 Mixture stiffness decreased 

with increasing asphalt 
content 

Asphalt hardness Increase Decrease 75 
56 No effect observed 

Asphalt type Change Change 75 
Change Change 96 Asphalts yielding stiffer mixes 

result in reduced fatigue life 
Air void content Increase Decrease 96 
Aggregate gradation 

and type 56 Negligible effect 
Environmental 

Temperature Increase Increase 90, 96 

placements can occur along the slip surfaces. McLeod (67, 68, 69) and Hewit (44, 45, 
46, 47) are among those having investigated this type of failure in a fundamental way. 
- Shear strength is defined as the peak or ultimate stress of a material in shear. It 
may be measured by direct shear tests or numerous other tests including the triaxial 
compression test (62, 120). The shear strength is normally interpreted by means of 
the Mohr-Coulomb failure law, which considers the shear strength to be composed of 
two parts, one of which is a frictional component that is proportional to the normal 
stress on the shear surface and the other of which is a cohesive component that is in-
dependent of normal stress. Stated mathematically, the Mohr-Coulomb failure law is 

r=c+atan 	 (5) 

where 

r,. = shearing strength, 
a j  = normal stress on the failure surface at failure, 
c = cohesion, and 

= friction angle or angle of shearing resistance. 

Although other failure theories have been proposed, it seems likely that the Mohr-
Coulomb theory will continue to be effectively used for some time. 

The shear strength can be calculated directly from the results of direct shear tests. 
The shear strength in a triaxial compression test is (c - 'r3 )r /2, where the subscript f 
refers to the failure condition along a shear plane. This strength is related to c and 0 
as follows (68): 

(gi - 3)f/2 = 3  sin 0 	2,Jl+ sin 0 	
(6) - sin 0 + 	1 - sin 0  

For the unconfined compression test, the best estimate of the shear 'strength is (ffi)/2, 
which is related to c and 0 as follows (68): 

- 2 	+ sin 0 
- 	1- sin O 	 (7) 

The properties c and 0 can, for some materials, be evaluated from tension and un-
confined compression tests (40). They can also be evaluated from Hveem stabilometer 
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results (89), though perhaps erroneously (40), and from direct shear tests. They are 
normally evaluated, however, from triaxial compression tests in which a number of 
identical specimens are tested at different confining pressures, and observations are 
made of stresses developed at the peak of the stress-strain curves. Mohr circles are 
constructed to represent the states of stress at failure, and the Mohr failure envelope 
is drawn tangent to the Mohr circles. The Mohr envelope is generally curvilinear but 
is usually approximated by the linear relationship of Eq. 5. The properties c and 0 are 
determined graphically from the linear approximation of the failure envelope. 

Cohesive and Cohesionless Soils—Lambe and Whitman (63) have presented an exten-
sive review of the shear strengths of both cohesive and cohesionless soils. Under 
drained test conditions and by using effective stress principles, the behavior of these 
materials can be summarized as follows: 

In the ultimate condition, [that is, very large shearing strains in which any effects of over-
consolidation are minimized] achieved after considerable shearing strain the strength behavior of 
soil is that of a frictional material. That is, the failure law is 

Tff 	tan uIt 

The ultimate friction angleT.It  is related to the clay content of the soil. The angle is greatest 
(about 30') in pure sand and least (as low as 3 or 4') in pure clay. 

At the point of peak resistance, the strength of a normally consolidated soil is also given by 

a frictional type of failure law, 

Tff = 	tan 

The angle T is related to the clay content of the soil. For loose sands rand Kit  are equal. As the 

clay content increases exceeds uIt  since at the peak resistance the clay platelets within the fail-
ure zone have not yet reached a fully oriented, face-to-face alignment. 

Densification increases the peak strength of soils. For soils with a significant clay content, 
large stresses suffice to produce an overconsolidated soil, while stresses alone do not effectively 
densify predominantly granular soils and cycles of loading and unloading are necessary. The fail-
ure envelope for densified soils generally is curved, but for practical calculations the peak strength 
can be represented by a linear relation, 

Tff 	C+ Fff  tan 0 

As 	increases, F increases and j decreases. 
Any change in effective stress changes the density at failure as well as changing the shear 

strength. Conversely, any action that changes the density at failure must produce a change in - 
shear strength. For the ultimate condition, there is a unique relationship among effective stress 

[(U + 73)f /2], shear strength [( . ö )/2] , and water content, such that knowledge of any of 
these three quantities specifies the other two quantities. [For saturated soils, this unique relation-
ship continues to hold for all types of loading and drainage conditions.] At the peak resistance, 
this three way relation is not unique ....  

Capillary tensions must be taken into account when determining the effective stresses within 
soils located above the water table. Because large capillary tensions are possible in clayey soils, 
such soils can exhibit a large apparent cohesion even though they produce little or no cohesion in- 
tercept 	This apparent cohesion is fully explained by effective stresses. 

For saturated soils, the undrained strength may either exceed or be less than the 
drained strength depending on the type of loading and the degree of overconsolidation. 
However, differing values of strength (undrained versus drained) canbe explained by dif-
ferences in effective stresses. The undrained shear strength increases with decreasing 
moisture content, increasing consolidation stress, and increasing maximum past con-
solidation stress (63). 

Tables 5 and 6 give the effects of selected sets of variables on the shear strengths 
of cohesive and cohesionless soils respectively. 
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TABLE 5 

SHEAR STRENGTH OF COHESIVE SOILS 

Variable Change in 
Variable 

Effect on 
Strength Reference Remarks 

Loading 
Rate of loading Increase Decrease 122 Drained tests of saturated 

soils 
Increase Increase 122 Undrained tests of saturated 

soils 
Overconsolidation Increase Increase 63, 122 
Stress path 63 No effect for drained 

triaxial tests 
Effective stress at Increase Increase 63 Drained triaxial tests 

failure = (F1  + F, 
Intermediate principal 63 Small effect on drained 

stress strength 

Mixture 
Compaction energy Increase Increase 85 Impact compaction at con- 

stant molding moisture 
content 

Adsorbed ions 122 Nature of ions affects 
strength depending on 
moisture content 

Remolding Increase Decrease 122 
Plasticity Increase Decrease in 0 63 Drained tests based on 

- effective stresses 
Void ratio Increase Decrease 63, 122 

Asphalt Mixtures—Fundamental measures of shear strength of asphalt mixtures have 
been examined by numerous investigators (8, 27, 29, 39, 40, 44, 45, 46, 47, 66, 67, 
68, 69, 80, 89, 112). Most of these investTatorsiisea triaxial apparatuioaIiiite 
the properties c and 0. Table 7 gives some of the more significant test results. 

Indirect Strength Measures 

Prior discussion has examined the strength of pavement materials from a rather 
fundamental point of view. Other more empirical studies and procedures have been ex-
tensively used to evaluate the relative strengths of pavement materials. These test 
procedures have certain advantages because of low cost, simplicity, speed, and, often-
times, adaptability to field measurements. The tests include, among many others, 

TABLE 6 

SHEAR STRENGTH OF COHESIONLESS SOILS 

Variable Change in Effect on 
Variable Strength Reference 	 Remarks 

Loading 
Type of test 

Intermediate principal Increase 
stress Increase 

Rate of loading Increase 
Number of load appli- Increase 

cations Increase 
Confining pressure Increase 

(minor principal stress) Increase 

Mixture 
Void ratio Increase 
Aggregate gradation Increase 

Aggregate angularity Increase 
Aggregate mineralogy 

63 
	

0 is greater by about 2 deg 
from direct shear than 
from triaxial tests 

Constant 63 
Increase 	26 
	

Based primarily on theory 
Constant 63 
Increase 	63 
	

For loose sands only 
Decrease 63 
	

For dense sands only 
Decrease 63, 114 
Decrease 63, 114 

Decrease 63, 114, 122 
Increase 	63, 114 
	

Increase means well 
graded 

Increase 	63, 11 
63 
	

No effect unless mica- 
ceous or low crush 
resistance 

Environmental 
Saturation 	 63, 114, 122 No effect 
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TABLE 7 

SHEAR STRENGTH OF ASPHALT MIXTURES 

Variable Change in 
Variable 

Effect on 
Strength Reference Remarks 

Loading 
Rate of loading Increase Increase in c 8, 40, 47, 68 

Increase Decrease in 0 40, 47, 68 
Increase Constant 0 27 Theoretically constant 0 

(68) 
Mixture 

Aggregate angularity Increase Increase in 0 27, 37, 40 
Increase Increase in c 27 

Aggregate gradation Increase Increase in 0 27 Increase means coarse to 
fine 

Asphalt content Increase Optimum in c 8, 27,40 
Increase Decrease in 8 8, 40 

Asphalt viscosity Increase Constant 0 27, 47 
Increase Increase in c 27,47 

Environmental 
Temperature Increase Decrease in c 27, 40, 47 

Increase Increase in 0  40,47 Slight 
Immersion in water Decrease in c 8 

Decrease in 0 8 

California bearing ratio, cone penetrometer, Marshall stability, Hubbard-Field sta-
bility, and gyratory shear methods. These methods have served, and will continue to 
serve, in the judicious design of flexible pavements by empirical means. However, 
the possibility of their use in more rational design procedures is remote. 

DE FORMABILITY 

To enable the accurate estimation of stresses and strains in a pavement structure 
and the permanent cumulative deformations associated therewith, we must characterize 
the complex stress-strain-time behavior of pavement materials before the limiting or 
failure domain is reached. Of interest are two perhaps inseparable components of re-
sponse: recoverable deformations and irrecoverable deformations. 

Existing knowledge of the recoverable component of response is now quite well ad-
vanced and is sufficient for many useful engineering analyses of real-world problems 
including the dynamic response of pavements to traffic loads. At the same time, very 
little is known of the irrecoverable response of pavement materials to load not only for 
creep under long-time loading but also for the accumulation of irrecoverable deforma-
tions—both volume change (densification) and shape change—due to repetitive loading. 
Because rutting is one of the most prevalent forms of distress in flexible pavements and 
because a thorough knowledge of the irrecoverable response of pavement materials is 
essential to a rational analysis of the rutting problem, it would appear that the major 
deficiency in our current ability to characterize the mechanical behavior of these ma-
terials is in the area of irrecoverable deformations. However, recent analyses by 
Barksdal,e and Leonards (5) represent an important first step in developing an ability 
to predictrut depths. Operational moduli used in their linear viscoelastic analysis 
were derived from the results of creep tests (creep compliance as defined later) and 
repeated load tests (total axial strain versus number of load applications). 

A second major deficiency is that most experimental investigations of mechanical 
response have used simplified loading patterns such as uniaxial stresses, which are 
quite different from the complex three-dimensional pattern to which materials are sub-
jected in pavement structures. 

Characterizing Deformability 

The principal means for characterizing mechanical response is through use of a 
modulus defined as the ratio of stress to strain and a strain ratio, such as Poisson's 
ratio, for relating strains in mutually perpendicular directions. For complex materials 
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the modulus or ratio will not be invariant but will depend on the level of stress (or 
strain) at which it is evaluated. Thus, additional definition is required, and the terms 
tangent modulus and secant modulus are often used. The tangent modulus is the slope 
of a tangent to the stress-strain curve; and, if the curve is not linear, the particular 
level of stress must be specified for the measure to be meaningful. The secant modulus 
is the slope of a line connecting two points of the stress-strain curve; and, to be mean-
ingful, both points must be explicity stated. Most moduli used to characterize pavement 
materials are secant moduli. 

Meaningful characterization of pavement materials can be accomplished in one of two 
ways depending on the complexity of the behavior. If the material behaves as any one of 
a number of idealized models, it is possible to devise suitable test procedures that 
evaluate fundamental material properties. These properties are sufficient in them-
selves to fully characterize the behavior of the material in a structure subject to any 
loading condition that does not induce failure. In the case of a linearly elastic isotropic 
material, these properties are Young's modulus, E, and Poisson's ratio, 11. Young's 
modulus would be evaluated by the ratio of stress to strain and would be constant for all 
conditions and all levels of stress, strain, and time. 

On the other hand, as is the usual case for pavement materials, it may be impossi-
ble to identify an idealized model that adequately represents the measured material re-
sponse. Measured moduli thus represent derived material properties for these mate-
rials. It is well to emphasize that such derived material properties are extremely 
useful in engineering analyses but only if the loading conditions in the structure are 
adequately simulated by the test procedure (or if the boundary conditions of the test 
closely approximate those on a small element within the structure). 

In summary, then, mechanical response of pavement materials is most often speci-
fied in terms of a secant modulus that, by virtue of the complexity of these materials, 
is a derived property useful for analysis only when the testing procedure adequately 
simulates the real-world loading conditions. 

Deformability Under Constant Loads—Creep tests and relaxation tests are used to 
examine the behavior of time-dependent materials under constant loading. In the creep 
test, a stress, o, is applied "instantaneously" and maintained constant throughout the 
test duration, and the resulting strain is measured as a function of time, E(t). A mea-
sure of response is the creep compliance, D(t), where 

D(t) = (t)/o 	 (8) 

A more conventional representation of this behavior is given by the creep modulus, 
E(t), where 

E(t) = ao/E(t) 	 (9) 

In the stress relaxation test, an instantaneously applied strain, €0, is maintained at 
a constant level, and the stress is observed as a function of time, a(t). The time-
dependent relaxation modulus, Er(t), is calculated by 

Er(t) = (t)/€o 	 (10) 

In general, the creep modulus and the relaxation modulus will be unequal. However, 
if the material response is that of a linear viscoelastic material, it is possible by 
means of analytical techniques to convert from one modulus to the other (30, 31, 74). 
Neither the creep modulus nor the relaxation modulus would seem to be in a form suit-
able for pavement analysis and design except possibly to predict long-term deforma-
tions under static load. 

Deformability Under Uniformly Varying Loads—The uniformly varying load category 
includes both constant -rate -of -strain tests (d€/dt = c) and constant-rate-of-stress tests 
(d/dt = c). Time-dependent response to these test conditions can be given in terms of 
a secant modulus, E(t), or a tangent modulus, E1(t), where 
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E,(t) = a(t)/€(t) 	 (ii) 

and 

ET(t) = d a (t)/d €(t) 	 (12) 

In general the moduli obtained from stress -controlled tests will not equal those deter-
mined from strain -controlled tests. If the behavior is linearly viscoelastic, however, 
the principle of superposition may be used to convert from one to the other or to creep 
or relaxation moduli. The magnitudes of these moduli will generally depend on the rate 
of loading. 

Because neither the constant-rate-of-stress nor the constant -rate -of -strain test 
accurately simulates pavement loadings, direct use of these moduli for pavement anal-
ysis and design is questionable. Their use to date, as with creep and relaxation tests, 
has been primarily to determine the extent to which pavement materials are (a) linearly 
viscoelastic and (b) thermorheologically simple. These test methods have also been 
used to examine the viscoelastic response of asphalt paving slabs under creep loading 
(102) and to evaluate the constants of various mechanical models of material behav-
ior (76). 

Deformability Under Sinusoidal Loads—A particularly convenient form of laboratory 
loading is that in which the loads vary sinusoidally with time. Consider the case where 
the applied stress level a is given by 

	

a(t) = -aO  sin wt 	 (13) 

where o, is the stress amplitude, w is the frequency, and t is time. The strain re-
sponse to such a loading pattern in the steady-state condition will likewise be sinusoidal 
but will lag the stress by an angle that is, 

	

7 	 Et) = E. sin (wt - 	) 	 (14) 

where E(t) is the strain at time, t; EO  is the strain amplitude; and 0 is the phase angle 
or lag. 

Under these conditions, it is possible to relate the stresses and strains by a complex 
number called the complex modulus, E*,  such that 

	

E* =E'+ iE" 
	

(15) 

where E' is the real part of the complex modulus, and E" is the imaginary part of the 
complex modulus, and 

E'= 	cos ø 	 (16) 

and 

E" = 	sin 0 	 (17) E O  

E', the in-phase component of the modulus, represents stored recoverable energy and 
is called the storage modulus. E", the in-quadrature component of the modulus, rep-
resents the energy lost by internal friction within the material and is called the loss 
modulus. 

The absolute value of the complex modulus, E*I, is 

IE*I = 
	

(18) 

The ratio of the stress and strain amplitudes (Eq. 18) has also been called the stiffness 
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modulus (6). The complex modulus is fully specified in terms of its absolute value, 
IEI, and its argument, the phase lag, 0. 

For a linear viscoelastic material, the complex modulus is a fundamental material 
property that varies with the frequency of load application (87). A knowledge of the 
complex modulus and the complex Poisson's ratio, both of which may vary with fre-
quency, is sufficient to characterize the behavior of a linear, isotropic, viscoelastic 
material. Once these properties are established, it is theoretically possible to describe 
the response of the material to any given loading patternby means of Fourier and Laplace 
transforms. Papazian (87) has discussed the utility of such measures of response and 
indicated how the complex modulus can be evaluated by means of dynamic tests or static 
(creep) tests. The latter requires a graphical procedure for evaluation. 

Another means for determining a dynamic modulus under sinusoidal loading is to 
measure the resonant frequency of a vibrating specimen-machine system. The modulus 
so determined is the real component, E', of the complex modulus and is always less 
than the absolute value of the complex modulus for nonzero phase lags (92). Hardin and 
Drnevich (35, 36) have extensively tested soils in this way and have characterized their 
behavior in terms of the shear modulus and the damping ratio, D, which is directly pro-
portional to the phase lag, 0. 

Deformability Under Pulsating Loads—Others, most notably Seed and others (106, 
107), have subjected specimens to dynamic loads of a pulsating nonreversing form. Most 
of these repeated load tests have been of the triaxial compression variety. The measure 
of response is the modulus of resilient deformation, Mr, where 

Mr  = 	 (19) 

In this equation, ad is the repetitively applied deviator stress and E r  is the resilient or 
recoverable axial strain corresponding to a specific number of load applications. 

A major advantage of this method of testing is that the loading pattern may be se-
lected to simulate that occurring in the pavement structure. , Hence, the modulus of 
resilient deformation, though not usually conceived as a fundamental material property, 
can be used directly in analytical investigations. 

Some Concluding Remarks—This discussion indicates that one may characterize the 
behavior of pavement materials in numerous ways depending in part on the nature of the 
problem and in part on personal preferences. It must be emphasized, however, that in 
most cases pavement materials do not possess idealized properties and that the mea-
sured properties are often significantly influenced by the test procedures and equipment. 
It is important, therefore, for laboratory procedures to simulate to as great a degree 
as possible actual field loading conditions. Test procedures that result in nearly homo-
geneous stress and strain states are necessary to investigate the properties of a small 
volume element. 

Cohesive Soils 

Dehien (16) states: 

A clay subjected to stress shows immediate and time-dependent recoverable and permanent strains, 
the immediate strains being predominant under short-duration loads, and the permanent strain 
per cycle decreasing to an insignificant amount after many cycles of stress. Stress history may 
have a significant effect on the response. The response is markedly non-linear. 

The nonlinear response of cohesive soils is evidenced in two ways. First, the stiff-
ness of these materials is dependent on the initial stress state and increases as the ef-
fective mean principal stress increases. Second, and more important, the stiffness 
decreases with an increase in the incremental stress amplitude (deviator stress in tn-
axial tests). These and other effects of testing variables on the stiffness and damping 
of cohesive soils are given in Tables 8 and 9. The results of most investigations of the 
major effects are in common accord. 



TABLE 8 

STIFFNESS OF COHESIVE SOILS 

Variable 	
Change in Effect on 
Variable Stiffness Reference 	 Remarks 

Loading 
Number of cycles Increase Decrease 35, 117 

Increase Minimum 79,106 Minimum at ito 5,000 cycles 
Incremental strain Increase Decrease 35, 50, 11.7 Rate of decrease depends on 

amplitude maximum stiffness and 
shear strength 

Incremental stress Increase Decrease 16, 17, 53, 63, Rapid decrease at low 
amplitude 79,106 stresses 

Effective initial mean Increase Increase 35, 50, 53, 63 Effect depends on stress or 
principal stress strain amplitude 

Transverse stress 16, 17 No effect 
Initial octahedral 35 Effect negligible after 10 

shear stress cycles 
Frequency of loading Increase Increase 10 Effect minor above 0.1 cps 

Increase Increase 35 
Strain rate Increase Increase 63 
Overconsolidation ratio Increase Increase 35, 63 

50 Any effect can be explained 
on basis of effective pres- 
sure and void ratio 

Stress path 63 Large dependency 

Mixture 
Soil disturbance Increase Decrease 42, 63 
Void ratio Increase Decrease 35 

Increase Decrease 50 Maximum effect at low con- 
fining pressure 

Dispersion Increase Decrease 63, 79 At small strains 
Structure 35 Little effect on maximum 

shear modulus 
Degree of saturation Increase Decrease 79 Modulus of resilient defor- 

at compaction Increase Maximum 85 mation 
Plasticity Increase Decrease 63 
Compaction energy Increase Maximum 85 Impact compaction 

Increase Increase 42 

Environmental 
Aging Increase Increase 63 
Degree of saturation Increase Decrease 10, 35, 42, 79 
Time (thixotropy) Increase Increase 35, 79 Recovery after high ampli- 

tude cyclic loading or 
many load cycles 

Densification Increase Increase 79 
Time (during secondary Increase Increase 50 Bentonite 

compression) 

TABLE 9 

DAMPING OR PHASE ANGLE OF COHESIVE SOILS 

Variable Change in 
bl Variable-  e 

Effect on 
Damping or 
Phase Angle 

Reference Remarks 

Loading 
Number of cycles Increase Decrease 35 Up to about 50,000 cycles 

beyond which damping 
increases 

Incremental strain Increase Increase 35 Very rapid increase but 
amplitude tends to reach a maximum 

at large strains 
Effective initial mean Increase Decrease 35 

principal stress 
Initial octahedral shear Increase Increase 35 
stress 

Frequency of loading Increase Increase 35 Effect minor above 0.1 cps 

Mixture 
Void ratio Increase Decrease 35 
Molding water content Increase Minimum 85 
Compaction energy Increase Minimum 85 Impact compaction 

Environmental 
Time (thixotropy) Increase Change 35 Recovery after high amplitude 

cyclic loading 
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The following observations are also of importance in understanding the behavior of 
cohesive soils: 

The cohesive soil investigated by Dehlen (17) was found to be initially cross-
isotropic with the horizontal stiffness exceeding the vertical stiffness. In addition, a 
significant degree of stress-induced cross isotropy was observed. 

Depending on the testing conditions, Poisson's ratio remained constant or in-
creased slightly with increasing applied compressive stresses but was independent of 
the transverse stress (17). 

The effect of the void ratio, e, on the maximum (low strain) dynamic shear mod-
ulus for void ratios less than about two is given by (35) 

F(e) = (2.9 73 - e)2/(1 + e) 	 (20) 

Soil structure as affected by molding water content and type of compaction can 
have a significant effect on stiffness, as discussed by Monismith et al. (79): 

. . samples compacted "wet of optimum" for a particular compactive effort by static means have 
similar resilience characteristics to those compacted "dry of optimum" by kneading compaction 
and subsequently soaked to a similar degree of saturation. . [and hence have] resilient character-
istics similar to those observed in field specimens for the same conditions of test. 

As given in Table 8, most investigators have found the behavior of cohesive soils 
to be highly nonlinear. At the same time, Pagen and Jagannath (85) observed linear 
viscoelastic behavior in unconfined axial creep for unsaturated compacted clays up to an 
axial stress of 20 to 24 psi. Application of confining pressures was found to extend the 
range of linearity. 

Coffman (10) found that the complex moduli obtained from dynamic tests tend to 
be larger than those obtained from creep tests. Although this difference was attributed 
to the effects of stress history, it may have been related to a disregard of inertial ef-
fects associated with the dynamic tests. 

Cohesionless Soils 

Regarding cohesionless soils, Dehlen (16) states: 

- . . the response of sand is primarily instantaneous and time independent. Large permanent 
strains may occur during the first cycle of stress, but the behavior becomes almost elastic after 
many cycles. The effects of stress history are generally less marked than in the case of clays, and 
the stress-strain response is non-linear. 

Tables 10 and 11 give the effects of some testing variables on the stiffness and damp-
ing respectively of cohesionless soils. A primary loading variable is that of the initial 
mean effective principal stress, o,  which affects the stiffness, S, as follows: 

S=K 0 	 (21) 

where K is a constant and n is an exponent that varies from about 0.4 to 1.0 (63). A 
larger exponent is observed for less dense materials (63) and for larger strain ampli-
tudes (35). Increases in the incremental stress amplitude cause reductions in stiffness, 
another evidence of the nonlinearity of these materials. Effects of the deviatoric com-
ponent of the initial stress state are negligible for repeated loading. 

The stress-strain curve under cyclic loading is characterized by a hysteresis loop 
that stabilizes after 10 to 50 cycles following which there is little or no additional per-
manent strain for each cycle of loading (63). During the initial cycles, however, a net 
compressive strain is developed under triaxial compression loading (63). The hystere-
sis loop is an indication of the degree of damping in the material. 

When sheared, a loose sand generally contracts in volume until failure is approached, 
at which time expansion is observed. Dense sands expand even at low strains and con-
tinue to expand as failure is approached. For sands of all initial densities, the rate of 
expansion increases near failure (58, 63). 

Cohesionless soils are probably more isotropic than other pavement materials as 
evidenced in tests on Ottawa sand by Ko and Scott (59). Ko and Scott also found that 
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TABLE 10 

STIFFNESS OF COHESIONLESS SOILS 

Variable Change 
al' Ite  Reference Remarks Vari

Loading 
Incremental stress 

amplitude Increase Decrease 63 
Incremental strain 

amplitude Increase Decrease 35 Rapid decrease 
Number of cycles Increase Increase 35, 63 Approaches a maximum 
Load duration Increase Decrease 103 Pulsating loads 
Loading rate or Increase Constant 63 No effect alter first few 
frequency load cycles 

Increase Constant 35, 63 0 to a few hundred cps 
Initial effective mean 

principal stress Increase Increase 35, 63 
Initial octahedral shear Increase Decrease 35 Very smaU effect after 10 
stress - load cycles 

Mixture 
Void ratio Increase Decrease 35, 57, 63, 121 

Environmental 
Degree of saturation Increase Constant 35, 63 Effective stresses must be 

used 

TABLE 11 

DAMPING OR PHASE ANGLE OF COHESIONLESS SOILS 

Change in Effect on 
Variable Variable Damping or Reference Remarks 

Phase Angle 

Loading 
Incremental strain Increase Increase 35 Very rapid increase but tends 

amplitude to reach a maximum at 
large strains 

Number of cycles Increase Decrease 35 Up to about 50,000 cycles be- 
yond which damping in- 
creases 

Initial effective mean 
principal stress Increase Decrease 35 

Initial octahedral shear 
stress Increase Increase 35 

Frequency of loading Increase Constant 35 0 to a few hundred cpa 

Mixture 
Void ratio Increase Decrease 35 

Environmental 
Degree of saturation Increase Constant 35 

behavior in their soil test box was quite different from that observed in conventional 
triaxial tests (59) and in one-dimensional compression tests (57). 

Finally, the influence of void ratio for ratios less than about two was found by Hardin 
and Drnevich (35) to be adequately described by Eq. 20. 

Untreated Granular Aggregate 

The behavior of untreated granular aggregate is quite similar to that of the smaller 
sized cohesionless soils. However, a comparison of Table 12 for untreated granular 
aggregates with Table 10 for cohesionless soils reveals some behavioral differences 
such as observed for the effects of incremental stress level. Whether these differences 
indicate fundamental, differences in behavior of the two types of materials or just dif-
ferences in test equipment and procedures is unknown. 

In any case the effect of initial confining pressure or mean initial effective principal 
stress is of paramount importance. The modulus of resilient deformation, Mr , is re-
lated to the initial stress state as follows: 
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Mr = K o 	 (22) 

and 
I - fl M r  =K a0 1 	 (23) 

where K, n, Kç and n' are material constants, as  is the confining pressure in a triaxial 
test, and 	is the mean initial effective principal stress (17, 48, 53, 79). The constant, 
n, is said to vary from 0.35 to 0.55 and n' from 0.35 to OST17T Any nonlinearities un-
der cremental loading would appear to be relatively insignificant as long as the stress 
increments are small and shear failure is not approached. 

Poisson's ratio, a, increases with (a) decreasing confining pressure, (b) increasing 
incremental stresses, (c) decreasing fines, and (d) decreasing degree of saturation (48). 
It is apparently affected little by density variations and can be estimated from an equa-
tion of the following type (48): 

= A0  + A1(a j/a3) + A2(a1/a3 )2  + A3 (cr1/aj 
	

(24) 

in which A1  is constant. 

Asphalt Paving Mixtures 
About asphalt paving mixtures, Dehien (16) states the following: 

The response of asphalt concrete to stress is influenced to a pronounced degree by time. Asphalt 
concrete under stress exhibits immediate followed by time-dependent strain, both of which may 
be partly recoverable and partly permanent. The time-dependent response may be viscous or 
non-viscous. Under stresses of short duration, such as experienced under moving traffic, the in- 

TABLE 12 

STIFFNESS OF UNTREATED GRANULAR AGGREGATE 

Variable 	
Change in Effect on 
Variable Stiffness Reference 	 Remarks 

Loading 
Initial confining 

pressure 	 Increase 	Increase 	17, 48, 79 
Initial effective mean 

principal stress 	Increase 	Increase 	17, 79 

	

Incremental stress level Increase 	Constant 	17, 79 

Increase Increase 48 

Loading rate or 
frequency 	 Increase 	Increase 	10, 12, 79 

Load duration 	 Increase 	Constant 48 
Number of cycles 	Increase 	Constant 48 

Drainage Increase Constant 48 

Mixture 
Void ratio Increase Decrease 12, 48 

Increase Decrease 10 

Increase Increase 10 

Angularity and surface 
roughness Increase Increase 48 

Fines Increase Decrease 48 
38, 79 

Compaction water 
Content Increase Decrease 53 

Environmental 
Degree of saturation Increase Decrease 10, 12, 38, 48, 79 

Triaxial compression 

As long as shear failure 
does not occur 

Slight increases as long 
as shear failure does 
not occur 

Small increase 
0.1 to 0.25 sec 
After 50 to 100 applica-

tions of in-service 
stress levels 

At low moisture con-
tents 

At high moisture con-
tents 

Minor effect 



Decrease 14,19, 49, 52, 111 
Decrease 6 Approximately linear 

relation between log 
stiffness modulus and 
void content 

Optimum 49 
Decrease 111 4 to 6 percent asphalt 

at constant air voids 
Variable 111 For constant com- 

paction, effect is 
variable depending on 
air voids and tem- 
perature 

Mixture 
Air void content 	Increase 

Increase 

Asphalt content 
	

Increase 
Increase 

Increase 
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stantaneous strains form a large proportion of the total. In a material exhibiting these time- 	 - 
dependent and permanent strains, stress history will influence the response. For adequately de-
signed pavements, previously subjected to many cycles of stress, the permanent strains due to a 
single stress cycle are very small. The moduli of asphalt concrete vary with stress intensity, and 
the moduli in tension differ from those in compression. The material is thus non-linear, and this 
is true even at low strains. The non-linearity becomes more pronounced with increasing temper-
ature. 

These introductory remarks certainly indicate the complexity of the mechanical be-
havior of asphalt paving mixtures. Tables 13 and 14 give the effects of some of the 
variables that influence this behavior. Of particular interest and perhaps some contro-
versy is the extent of linearity. The effects of stress amplitude as given in Table 13 
are certainly inconclusive and indicate observations of both linear and nonlinear be-
havior. 

Monismith and others (74) have observed reasonably linear behavior for uniaxial 
loading as long as the strains are less than 0.1 percent. Sayegh (98) observed that the 
domain of linearity for a particular mix was limited to deformations of less than4 x 

TABLE 13 

STIFFNESS OF ASPHALT PAV]}IG MIXTURES 

Variable Change in 
Variable 

Effect on 
Stiffness Reference Remarks 

Loading 
Frequency of loading Increase Increase 6, 10, 53, 87, 90, Sinusoidal loading, stiff- 

93, 98 ness approaches as- 
ymptote at high fre- 
quencies 

Increase Decrease 14 Pulsating (incomplete 
stress relaxation) 

Incremental stress Increase Constant 79 100 to 125 psi flexure 
amplitude Increase Constant 53, 111 17.5 to 70 psi compres- 

sion 
Increase Constant 87 4 to 33 psi compression 
Increase Constant 49 20 to 35 psi compres- 

Increase Decrease 53 
sion 

50 to 200 psi flexure 
(80 F) 

Increase Decrease 92 Rate of decrease less 
with increasing am- 
plitude 

Increase Decrease 32, 115 
Number of cycles Increase Decrease 53 

Increase Constant 33 Some effect at higher 
temperature (+30 C) 

Strain history 92 No effect on dynamic 
torsional stiffness 

Initial confining pressure Increase Increase 32, 115 

Asphalt viscosity 
Filler content 

Environmental 
Temperature 

Increase Decrease 93 
Increase 	Increase 	93, 111 
Increase 	Increase 	93, 111 

Increase 	Decrease 6, 10, 79, 92, 93, Stiffness approaches 
98 	 asymptote at low 

temperatures 



TABLE 14 

DAMPING OR PHASE ANGLE OF ASPHALT PAVING MIXTURES 

Effect on 
Change in Variable 	 Damping or Reference 	 Remarks 
Variable Phase Angle 
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Loading 
Frequency of loading Increase Maximum 

Increase Increase 
Increase Decrease 

Mixture Variable 
Air voids Increase Decrease 

Environmental 
Temperature 	Increase Increase 

Increase Increase 

87 	Maximum at 4 rad/sec in range 
of 0. 1 to 100 rad/sec 

53 	4to14cps 
6 
10 	Effect variable depending on 

temperature 

6 	Opposite effect observed if mix 
is initially weak 

53 	Range of 40 to 70 F 
6 	Maximum observed at high 

temperatures 
10 	Variable depending on fre- 

quency 

an extremely small range indeed. On the other hand, Krokosky, Tons, and Andrews 
(61) observed nonlinear viscoelastic behavior. Coffman, lives, and Edwards (11) ob-
served that, for practical purposes, the moduli in tension and compression are equal, 
but others (14, 30) have found that stiffness in compression exceeds that in tension. 
Nonlinear behavior  of the stiffening type has been observed under low levels of stress 
(49), short loading times (49), and compressive stresses (17). A softening nonlinearity 
has been observed under high levels of stress (49), long loading times (49), and tensile 
stresses (17). Pell and Taylor (93) aptly summarize the situation as follows: 

The non-linear behavior of a mix would appear to depend upon theproperties of that mix and the 
environmental and loading conditions to which it is subjected, so making it difficult to give a par-
ticular value of stress or strain above which all mixes will exhibit non-linear behavior. 

Table 15 gives some of the factors that affect the range of linearity of asphalt paving 
mixtures. 

Asphalt mixtures in situ would appear to be anisotropic because of the layering and 
particle orientation inherent in the construction process. Dehlen and Monismith (17) 
concluded that the mixture they investigated was initially cross-isotropic with the hori-
zontal stiffness exceeding the vertical stiffness. A significant degree of stress-induced 
cross isotropy was also observed. On the other hand, Coffman and others (ii) con-
cluded that, for practical purposes, asphalt concrete is isotropic in compression at the 
phenomenological level. 

TABLE 15 

RANGE OF LINEARiTY OF ASPHALT PAVING MIXTURES 

Effect on Change in Variable 	 Range of Reference 	 Remarks Variable Linearity 

Loading 
Frequency of loading 	Increase 	Increase 	93 
Type of loading 	 11 	Linearity greater in compression 

than flexure 

Mixture 
Void content 	 Increase 	Decrease 93 
Asphalt content 	Increase 	Increase 	93 
Asphalt viscosity 	Increase 	Increase 	93 
Filler 	 Increase Increase 93 

Environmental 
Temperature 	 Increase 	Decrease 16, 17, 93 
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Kallas and Riley (53) have demonstrated that observed moduli are sensitive to the 
testing procedure. They state: 

The difference between moduli determined by repeated load flexure and dynamic complex modu-
lus test procedures may in part be attributed to different deformational responses: essentially re-
coverable for the complex modulus test procedures but only partially recoverable for the repeated 
load flexure test procedures. 

Limited information is available concerning the effects of the testing variables on 
Poisson's ratio: 

Poisson's ratio decreases for increasing sinusoidal frequencies above 4 cps 
(53, 98); 	 - 

Poisson's ratio remains constant or increases slightly with increasing applied 
compressive stress but is independent of transverse stress (17); 

Poisson's ratio is relatively insensitive to mixture type (53); 
Poisson's ratio decreases as temperature decreases below 70 F (53, 98); and 
Poisson's ratio is a real number that increases from 0.1 for high frequencies, 

low temperatures, and small deformations to 0.5 for low frequencies, high tempera-
tures, and large deformations (98). 

For a given bituminous mixture and variable temperature and frequency, there is a 
unique relationship between stiffness and phase angle such that there is only one phase 
angle corresponding to a given stiffness. This has been validated by complex modulus 
evaluations (6, 98). 

Finally, it appears that asphalt paving mixtures are, to an engineering approxima-
tion, thermorheologically simple (6, 13, 60, 61, 78, 98). This means that there is an 
equivalence between time of loading and temperature, which enables the stiffness re-
sponse of such a material to be presented in terms of a master curve (stiffness versus 
reduced time) and a shift factor curve (shift factor versus temperature). Such a prop-
erty not only enables a simplified presentation of stiffness response but also enables 
an estimation of stiffness properties for an extended range of temperatures and times 
of loading beyond which it is inconvenient to perform laboratory tests. 

Estimating Stiffness 

Cohesive and Cohesionless Soils—By means of the equations and graphs presented 
by Hardin and Drnevich (36), it is possible to estimate for design purposes the dynamic 
shear modulus and the damping of both cohesive and cohesionless soils. Factors such 
as initial void ratio, overconsolidation ratio, mean effective principal stress, effective 
vertical stress, frequency of loading, number of loading cycles, plasticity index, and 
static strength parameters in terms of effective stresses ( and ) are treated as in-
dependent variables in the estfmation process. 

A somewhat less sophisticated procedure for relating the dynamic stiffness, E, to 
an empirical strength measure, CBR, is 

E = 100 CBR 	 (25) 

where E is the dynamic stiffness in kg/cm2. Equation.25 represents a rough correla-
tion based on field measurements and is claimed to be accurate within a factor of about 
two for fine-grained soils (42). 

Untreated Granular Aggregate—The stiffness of an untreated granular aggregate in 
a pavement structure can be estimated rather crudely from a knowledge of the stiffness 
of supporting layers. Based on field measurements, Heukelom and Klomp (42) ob-
served that the dynamic modulus of these materials can increase by a factor of roughly 
two from one compacted layer to the next. Otherwise, one could estimate the stiffness 
of untreated aggregate from a relationship such as that given by Eq. 23. Unfortunately, 
however, there is limited general knowledge concerning the relationships of the con-
stants of Eq. 23, K' and n', to the mixture properties, and the work of individual inves-
tigators would have to be reviewed to obtain suitable estimates of these constants. 
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Asphalt Paving Mixtures—Bazin and Saunier (6) have observed that: 

Within the range of linear behavior in bending, for mixes with correct binder contents and normal 
void contents (4-8%) all mix variables tested had only a small effect on the complex modulus as 
compared to the effects of binder type, temperature, and rate of loading. 

Observations such as this have led investigators to search for procedures to enable 
prediction of the dynamic modulus of asphalt paving mixtures based on routine test 
properties. 

The work of Van der Poel (125, 126) is certainly notable in this respect. Based on 
extensive static and dynamic testing, Van der Poel developed a nomograph useful for 
predicting the. stiffness of pure bitumens, Sbjt, such that 

Sbjt = f (frequency of loading, temperature, penetration of extracted 
bitumen, and ring-and-ball softening point of extracted bitumen) 	(26) 

where f is some function. A second nomograph enabled the estimation of mixture 
stiffness, S, from Sbjt and the volume concentration of mineral aggregate, Cj,. 

Heukelom and Klomp (43) slightly modified Van der Poel's nomograph for obtaining 
Sbjt and suggested that S 1  could be obtained as follows: 

S jx/Sbl t = (1 + 2.5 Cv/[n(i - Cv)] )n 	 (27) 

where 

St = mixture stiffness in kg/cm2, 
Sbjt = bitumen stiffness in kg/cm2  obtained from nomograph at desired temperature 

and time of loading, 
C. = volume concentration of aggregate in the mixture (ratio of volume of compacted 

aggregate to volume of aggregate and bitumen), and 

n = 0.83 1og (400,000/Sb It) 	 (28) 

Heukelom and Kiomp's method was limited to mixtures having air void contents on 
the order of 3 percent and C., between 0.7 and 0.9. Van Draat and Sommer (127) have 
suggested that air void contents of greater magnitude can be appropriately ciiidered 
by using a corrected volume concentration of aggregate, C., such that 

c = c/(i + H) 	 (29) 

where H is the difference between the actual air void content and 3 percent, expressed 
as a decimal. 

Ba.zin and Saunier (6) have presented a nomograph similar to Van der Poel's that is 
valid for linear deformations in bending and that uses binder properties determined 
before mixing. Independent variables that are recognized include time of loading, tem-
perature, bitumen type, and mixture void content. 

Others have used standard linear regression techniques to relate the absolute value 
of the complex modulus (111) and the modulus of resilient deformation (25) to various 
properties of the mixture and its constituent materials. 

Additional Investigations 

The discussion has concentrated on more conventional approaches to the testing and 
characterization of pavement materials. It is well to point out two rather recent inves-
tigations that deviate somewhat from the conventional format and offer means for pos-
sibly more fundamental studies of mechanical behavior. 

The first of these is the investigations of Ko and Scott (57, 58, 59). These investi-
gators have developed a soil test box capable of testing a cubical sample by applying 
three different normal pressures to its sides. The principal stresses can be varied 
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independently or by means of a stress control device that is a mechanical-hydraulic 
analog of an octahedral plane in the principal stress space. With this equipment, it is 
possible to vary only the octahedral shear stress while maintaining a constant hydro-
static stress to study the true response to shearing stresses. The three principal 
strains are measured with this device, and an independent measurement is made of the 
volume change of the soil sample. Reputed advantages of this device include the fol-
lowing: (a) a homogeneous stress state is produced, (b) the nature of the stress path that 
can be developed is unlimited, (c) the device is stress -controlled rather than strain-
controlled, and (d) it is applicable for both loading and unloading tests. Although the 
adoption of this equipment for routine testing is difficult to envision, it does offer a 
means for research investigations into the three-dimensional response of pavement 
materials. 

The second investigation is that of Dehien and Monismith (16, 17). These investiga-
tors used a triaxial testing procedure in which repeated axial stress and repeated radial 
stress could be independently varied and superposed over varying and unequal constant 
stresses in the axial and radial directions. The results of their investigations were 
expressed as incremental stress-strain coefficient matrices at varying reference stress 
states. 

For axisymmetric incremental stresses the coefficient matrix relates the incremen-
tal strains, e' and y', and stresses, a' and r, as follows: 

I Er 	IBii 	B12 	B13 	0 

]

ar 

- [B12 	

B11 	B13 	0 
 

- B31 B3 	B33  0 

0 	0 	0 	B44 	 Trz 

This incremental formulation of the constitutive equation of a nonlinear elastic ma-
terial is valid for (a) small stress and strain increments, (b) an initially cross-isotropic 
material with an axis of symmetry coinciding with the vertical or Z-coordinate axis, 
(c) a cross-isotropic stress-induced anisotropy, and (d) no coupling between shear and 
volumetric stresses and strains. For triaxial testing proceduresEq. 30 reduces to 
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The coefficient matrix B depends on the reference stress state at which it is determined. 
It was found to be approximately symmetric at hydrostatic reference stress states but 
significantly nonsymmetric otherwise. 

The main limitation of this means for characterizing the response of nonlinear elastic 
materials would appear to be the limited range of stress states possible with the triaxial 
test procedure. That is, the triaxial test adequately defines the constitutive relations only 
for materials located beneath an axis of symmetry because it permits only two normal 
stresses to be varied independently. Complete characterization of materials outside an 
axis of symmetry requires investigation under three normal stresses and one shearing 
stress. 

In addition to the investigations described here, a great deal of work has been re-
ported involving static testing of pavement materials. Characteristic of this work are inves-
tigations by Saada (94) on compacted clays and Monismith et al. (74) on asphalt concrete. The 
intentof most of this testing has been toevaluate the rheological behaviorof these materials 
under simple forms of stress. Most of the tests have been relaxation or creep tests, 
though some constant -rate -of -deformation or constant -rate-of-load tests have been 
performed. The results of these tests have been analyzed largely with the intent to (a) 
establish the extent of linearity, (b) examine the extent to which the material is thermo-
rheologically simple, (c) determine values of rheological constants such as relaxation 
moduli and creep compliances, (d) ascertain the complexity of mechanical models nec- 
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essary to accurately describe the observed behavior and assess the values of the asso-
ciated constants, and (e) ascertain the applicability of the superposition principle. 

Finally, it must be observed that, although this review has been limited almost solely 
to laboratory investigations, rather extensive field investigations have also been con-
ducted including test pits, test tracks, and pavements in service. These field investiga-
tions serve to complement, verify, and extend the results of the laboratory investigations. 

CONCLUDING REMARKS 

Practitioners in the field of pavement materials characterization would probably be 
quick to agree that the most pressing need today is the development of a universally 
accepted standard means for characterizing and testing these materials. At the same 
time, it must be realized that the factors that have retarded the development of such 
standards in the past are most likely to continue to be operative in the near future. With 
this deficiency in mind, then, I consider the following list to represent some of the 
more specific, current deficiencies in our ability to adequately characterize pavement 
materials: 

Understanding of what material properties are, of fundamental importance to the 
performance of asphalt concrete pavements and what properties must be known or esti-
mated before a rational analysis of this performance is feasible, 'considering the planned 
use of the materials and the available methods of analysis; 

Commonly accepted and explicitly recognized criteria that would allow assess-
ments of the utility of various test equipment and various means for characterizing be-
havior as a part of a rational pavement analysis procedure; 

Knowledge of the irrecoverable or permanent component of deformation and of 
possible means for characterizing it for all pavement materials; 

Understanding of the three-dimensional response of all pavement materials un-
der realistic in-service stress states and of the degree to which behavior under sim-
plified and commonly used stress states is similar to that under more realistic condi-
tions (this is as true of strength measures, particularly tensile and fatigue strength of 
asphalt paving mixtures, as it is of deformability measures); 

Knowledge of the possible development of slip surfaces in shear due to load 
repetitions of a stress level less than the shear strength (particularly for unbound gran-
ular aggregate and asphalt paving mixtures); 

Firm basis for understanding the possibly important effects of mode of loading 
on fatigue behavior of asphalt paving mixtures, and ability to vary mode of loading in 
the laboratory in order to simulate realistic in-service loading; 

Adequately verified comprehensive equation that allows estimates of fatigue life 
for asphalt paving mixtures without extensive laboratory testing; 

Knowledge of the strength and deformation behavior of treated materials; 
Ability to characterize in a fundamental way the volume changes in all pavement 

materials induced by environmental factors superimposed over stress states representa-
tive of in-service conditions; 

Knowledge of the fatigue behavior of asphalt paving mixtures when load repeti-
tions are combined with cyclic environmental changes (predominantly temperature and 
specimen support); and 

Ability to characterize untreated granular aggregate. 
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