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Abstract 

A pavement joint seal prevents the passage of liquids into the pavement 

base and the intrusion of solids into the joint. The primary mechanical 

requirements of a pavement seal are that it respond elastically or viscoelastically 

to any movement of the joint without failure and that it withstand indentation 
of hard objects like rocks. Because pavement joint movements and seal 
deformations can be large, elastomeric sealants are often used to form 

seals. Winter conditions are recognized as the most critical for a seal because 

of the possibility that failure stresses will be reached as the joint opens to a 

maximum and the material stiffens in response to the temperature reduction. 
This report reviews the specific problems and requirements that cold climates 

create for the performance of elastomeric seals. Emphasis is placed on the 

material response behavior that can lead to failure of a seal. In an attempt 

to clarify the mechanics of sealant and seal performance associated with 

low-temperature pavement applications and to address the issue of low- 

temperature stiffening that should be a dominant factor in the selection of a 

sealant this report presents background information on the formulation 
and mechanical properties of elastomeric seal materials and the structural 
behavior of field-molded joint and crack seals. 

For conversion of SI units to non-SI units of measurement consult ASTM 

Standard E380-93, Standardfractice for Use of the International System 
of Units, published by the American Society for Testing and Materials, 
1916 Race St., Philadelphia, Pa. 19103. 
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Sealants and Cold Regions Pavement Seals 
A Review 

STEPHEN A. KETCHAM 

INTRODUCTION 

ASTM standard C 717 defines a seal as a bar- 
rier against the passage of liquids, solids or gases 
and defines a sealant as a material that has the 
adhesive and cohesive properties to form a seal 
(ASTM 1991a). For applications to buildings and 
pavements, a field-molded seal can be formed in 
a joint or a crack by the curing of a sealant that is 
applied in liquid, viscous form. The primary me- 
chanical requirements of the seal are that it re- 
spond elastically or viscoelastically, over a rea- 
sonable design life, to any thermal- or load-in- 
duced movement of the joint or crack without ad- 
hesive or cohesive failure, and that it cure to a 
sufficient hardness and remain sufficiently hard 
so that it will not be damaged by indentation of 
harder objects. Such a seal is not meant to transfer 
significant forces of the structure across the joint. 
On the contrary, for large joint movements, seal- 
ants with lower load resistance are most able to 
deform without failure of the seal or of the struc- 
ture to which it is bonded. 

Joints and cracks in building and pavement 
structures undergo movements that are dominated 
in amplitude by the seasonal movements caused 
by the thermal expansion and contraction of the 
structural materials. Expansion at higher tempera- 
tures and contraction at lower temperatures of the 
building or pavement materials are realized at the 
joint as closure during summer and opening dur- 
ing winter, respectively. The result is that a seal in 
a building or pavement joint must be able to ex- 
tend during cold periods and compress during 
warm periods. Cold-period loading of a seal is 
recognized as the most critical loading period be- 
cause of the possibility that failure stresses will be 
reached in the seal or at the adhesive interface as 
the joint opens and the sealant hardens in response 

to the temperature reduction. A seal will also be 
subjected to shorter duration loads that may be 
critical. For example, joint movements associated 
with stick-slip motions, daily temperature varia- 
tions and traffic can induce short duration loads 
that will be superimposed on existing longer 
period loads. For each specific application and 
loading configuration, the cured sealant must have 
mechanical properties that are appropriate for 
the structural response and climatic requirements 
of the seal. In addition, these properties must not 
degrade significantly when the sealant is exposed 
to weathering processes, loading cycles, chemi- 
cal agents and other conditions that are present in 
its working environment. 

In recent years elastomeric sealants have been 
introduced commercially that are formulated to 
have relatively low resistance to load at low tem- 
peratures compared to conventional and tradi- 
tional seal materials. The lower resistance at lower 
temperatures is a result of a more flexible mate- 
rial formulation and of a lower temperature of the 
material's transition to harder behavior. This re- 
port is concerned with the behavior of these elasto- 
meric sealants, which are often simply called "low 
modulus sealants," for sealing joints and cracks 
in asphalt and portland cement concrete pave- 
ments in cold regions and with the specific prob- 
lems and requirements that cold climates create 
for seal performance. Emphasis is placed on the 
material response behavior that can lead to fail- 
ure of a seal, rather than on strength of sealants 
and failure of seals. Several low modulus elasto- 
meric compounds have been marketed as pave- 
ment sealants. A significant concern for pave- 
ment seal designers should be the transition tem- 
peratures below which these sealants in pavement 
seal configurations perform inadequately because 
of the stiffening of the material. In an attempt to 



clarify the mechanics of sealant and seal perfor- 
mance associated with low temperature pavement 
applications, and to address the issue of low tem- 
perature hardening that should be a dominant fac- 
tor in the selection of a sealant, this report presents 
background information on the formulation and 
mechanical properties of elastomeric seal materials 
and the structural behavior of field-molded joint 
and crack seals. 

ELASTOMERS AND 
SEALANT FORMULATIONS 

Commercially available sealants are produced 
from a variety of materials. Because the ideal be- 
havior of a pavement joint seal is that of an elas- 
tomer, it is revealing to describe sealant formula- 
tions in the context of elastomers and elastomeric 
compounds. 

"Elastomer" is a term often used for rubber and 
polymers that have properties similar to those of 
rubber (e.g., ASTM 1991b). Elastomers are poly- 
mers with a particular type of molecular structure. 
Specifically they are linear, amorphous (i.e., non- 
crystalline), high molecular weight polymers in 
which the chains of the molecular structure are 
flexible and cross-linked (e.g., Hearle 1982). The 
flexibility and cross-linking of the polymer chains 
allow elastomers to behave elastically, as the name 
implies, such that they are capable of recovering 
from large deformations. Mark (1982) has listed 
three molecular requirements for a material to ex- 
hibit this rubber-like elastic behavior: 

• The material must consist of polymeric 
chains. 

• The chains must have a high degree of flex- 
ibility. 

• The chains must be joined into a network 
structure. 

In this context the terms elastomer and rubber are 
used as synonyms, and the broad range of natu- 
ral and synthetic rubbers and rubber compounds 
that behave like elastomers can be studied in a 
single context because the behavior can be attrib- 
uted to this molecular structure. It is of interest to 
note that when the molecular chains lose their flex- 
ibility in response to a temperature reduction, there 
is a transition in the material behavior of the poly- 
mer from a elastomeric behavior to that of a hard 
material, e.g., glass. The transition is referred to 
as the "glass transition." 

Elastomeric compounds are marketed com- 
mercially as formulations that consist of the base 

elastomer or elastomers together with additives. 
Various formulations with the same base elas- 
tomer can be developed for very different appli- 
cations. For example, polyurethane formulations 
can be used in elastomeric applications ranging 
from shoe soles to joint sealants. Although elasto- 
meric formulations can be designed or advanced 
by theoretical modeling techniques, the develop- 
ment of most is primarily empirical. 

Additives are used primarily to improve spe- 
cific properties of a formulation. A "plasticizer" is 
an additive that increases the flexibility of a com- 
pound. More specifically a plasticizer reduces the 
stiffness of the base elastomer at a given tempera- 
ture, lowers the temperature for which elastomeric 
behavior can occur, increases the strain at which 
failure occurs in the elastomer, and increases its 
impact strength at lower temperatures (Immergut 
and Mark 1965). In some sealant formulations, 
plasticizers are used in this way, i.e., to lower the 
modulus of the cured material and to improve its 
low temperature capabilities. "Filler" refers to ma- 
terial that is used primarily to add bulk to the base 
elastomer, although the term is often used to desig- 
nate any additive other than plasticizers that has an 
impact on the properties of the compound. At times 
fillers have been used to improve the profit mar- 
gin of the manufacturer at the expense of the de- 
sired elastic material properties. Panek and Cook 
(1984) have suggested that such economic-based 
compounding has been the cause of the inadequate 
performance of some asphalt rubber highway joint 
seals in the past. Other additives that might be 
used include coloring agents, curing ingredients, 
adhesive agents, and ultraviolet light and oxygen 
stabilizers. Usually exact formulations of elasto- 
meric compounds are kept as trade secrets of the 
manufacturer. Table 1 includes several nonspe- 
cific sealant formulations that have been pub- 
lished by Panek and Cook (1984). 

Elastomers are used as the base polymer of com- 
mercially available sealants so that seals formed 
by these sealants will respond elastically to ser- 
vice loads and deformations. The base polymers of 
sealants include natural rubber, styrene-butadiene 
rubber, neoprene, silicone, polyurethane, poly- 
sulfide and polyvinyl chloride (Panek and Cook 
1984). The sealant formulations range from asphalt 
and rubber compounds to coal tar and polyvinyl 
chloride compounds to silicone sealants. Often cat- 
egorical distinctions are made in the applications 
literature between asphalt rubber sealants, coal 
tar rubber sealants and other polymeric sealants. 
In the context of elastomeric compounds, however, 



Table 1. Example sealant formulations, percentages by weight. (After Panek and Cook 1984.) 

Urethane sealant: urethane polymer, 35-45%; fillers, 30-40%; colorants, 2-3%; thixotropic agents, 1-2%; 
adhesion additives, 1-3%; plasticizers, 15-25%; solvent, 0^% 

Silicone sealant, structural grade: silicone polymer, 65-75%; silicone oil plasticizer, 5-15%; silica filler, 15- 
25%; curing agent, 3-5%; adhesive additive, 1-3% (lower modulus silicone sealants would have a higher 
amount of silicone oil plasticizer and less cross-linking trifunctional silane complex) 

Polysulfide sealant: polysulfide polymer, 30-40%; various fillers, 30-40%; plasticizers, 20-25%; curing agents, 2- 
5%; adhesion additives, 1-3%; miscellaneous, 1-3%; solvent, 3-5% 

Hot-poured rubber asphalt sealant: ground rubber (e.g., styrene-butadiene rubber ground to a 30-mesh 
size), at least 25%; asphalt, remainder 

Hot-poured polyvinyl chloride (PVC) and coal tar: PVC powder dispersed in a coal tar base 

in which additives are blended and reacted with 
the base elastomer(s) and cured to form the final 
product, the asphalt and coal tar in such products 
can be categorically regarded as fillers or plasti- 
cizers and adhesive agents, and the chemical and 
physical reactions between these materials and the 
rubber polymer can be viewed as a typical curing 
process that yields an elastomeric material. Indeed, 
it would be advantageous to consider all elasto- 
meric-based sealants, including asphalt and coal 
tar rubbers, in a single context with respect to form- 
ulation, so that engineers who select and use these 
materials will have a mechanical framework that 
can be utilized to compare and contrast them. 

Different elastomers and elastomeric formula- 
tions can attain their application configuration, 
cross-linking and mechanical properties through 
a variety of curing reactions and mechanisms. Seal- 
ants can be formulated to cure by chemical and 
physical reactions and solvent release. The reac- 
tions can be triggered, for example, by heat, as in 
the case of the hot-poured sealants, or by catalysts, 
as in the case of moisture-induced cure of silicone 
sealants. 

MECHANICAL BEHAVIOR 
OF SEALANTS 

In general, the commercially available, low 
modulus sealants that are used for sealing joints 
and cracks in pavements are formulated to behave 
with rubber-like characteristics. That is, these mate- 
rials are formulated so that a seal made from a low 
modulus sealant, loaded to a relatively large de- 
formation, will return to its original shape and size 
upon unloading. For a description of the mechani- 
cal properties of sealants it is helpful to consider 

sealant behavior in the context of the behavior of 
rubbers and elastomers since the material response 
features of practical interest for sealing joints and 
cracks are clearly revealed, and since the elasto- 
meric qualities that a seal displays when subjected 
to field loadings and conditions can be used to 
judge the effectiveness of the sealant. In addition, 
if a seal formed by an elastomeric-based sealant 
does not behave elastically, e.g., if the seal deforms 
plastically or if it behaves with excessive viscous 
behavior, the deviation from ideal elastomeric be- 
havior could be quantified and an assessment of 
the sealant could be made. This section describes 
the mechanical behavior of rubber-like materials 
and low modulus sealants from a phenomenologi- 
cal perspective. The section also describes the 
hyperelastic material model, which is convention- 
ally used as a constitutive model for elastomeric 
materials, and its potential application to sealants. 

Phenomenological behavior of 
rubbers and elastomers 

In unconfined loading configurations the de- 
formations of a rubber structure will generally be 
dominated by shear distortions. This is because 
the volume compressibility of elastomers and 
elastomeric formulations of rubber-like materials 
is, relative to the shear deformability, very low. 
Typically a rubber will have a bulk modulus that 
is orders of magnitude greater than its shear mod- 
ulus. As a result, the material is constrained geo- 
metrically by its own response to deform prima- 
rily by distortions. This is particularly true for the 
base elastomer, and, depending upon the addi- 
tives, is likely to be the case for an elastomeric for- 
mulation. 

The shear deformability of rubbers has been in- 
vestigated using different loading and test sped- 
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Figure 1. Results from three simple tension tests of vul- 
canized natural rubber. (After Treloar 1975.) 

men configurations. Traditionally, for obtaining ma- 
terial stress-strain data under homogeneous stress 
and deformation conditions, load and deforma- 
tion responses have been measured in simple ten- 
sion, equibiaxial tension and pure shear tests. Tor- 
sion tests, which inherently generate inhomogen- 
eous stress and deformation conditions, can pro- 
vide material stress-strain data as well (Perm and 
Kearsley 1976), by using a technique for calculat- 
ing material stress-strain data from the measured 
torque and axial force of the torsion sample (Kears- 
ley and Zapas 1980). For standard comparative 
measures of material properties the simple tension 
configuration is often used (e.g., ASTM 1991d). 

Test programs that incorporate these experimen- 
tal configurations are sometimes devised to investi- 
gate material behavior, to calibrate phenomeno- 
logical constitutive models of rubber elasticity be- 
havior that can be used for material and structural 
response calculations, and to verify predictions 
made using the constitutive models. 

Simple tension tests of elastomers yield re- 
sponse curves like those shown in Figure 1. The 
figure relates force per unit of unstrained area to 
extension ratio, which is defined as the deformed 
specimen length normalized by the undeformed 
specimen length. The data in the figure are for a 
vulcanized natural rubber tested at room tempera- 
ture, and are published by Treloar (1975). 

Figure 1 includes the force-extension ratio re- 
sponses measured in three simple tension tests. 
Curve (a) illustrates the response of a specimen 
that was loaded to failure, whereas curves (b) and 
(c) illustrate the responses of specimens that were 
loaded and unloaded without failure. Based on the 
curves (b) and (c) Treloar (1975) noted that up to 
an extension ratio of about 5.5 the material response 
was substantially reversible, but that loading to a 
higher extension resulted in significant hysteresis. 
Curve (c) illustrates clearly the low resistance, high 
extension, nonlinear elastic response that is the 
characteristic feature of the behavior of rubber ma- 
terials. For example, it is roughly the behavior of 
the material of a rubber band when stretched. 

Implicit in this description of an elastomer is a 
temperature range for which rubber-like behavior 
occurs. The transition from rubbery to glassy be- 
havior (the glass transition) is often characterized 
by a single temperature, although, unlike a crys- 
talline material, the mechanical behavior changes 
gradually over a temperature range. The transition 
occurs because the chains of the amorphous mo- 
lecular network become less flexible with decreas- 
ing temperature until the structure is rigid. Figure 2 
illustrates the changes in the load and extension 
response that are typically observed in polymers 
that are tested in simple tension tests at different 
temperatures. Only above the temperature range 
of the glass transition will a polymer in simple ten- 
sion tests deform with homogeneous strains and 
behave like an elastomer (Ward 1983). Within and 
below the transition range the deformation will not 
be homogeneous, and ductile or brittle failure can 
occur. The figure illustrates that a material in- 
tended for use as an elastomer will actually be- 
have as a stiff and perhaps brittle material when 
its temperature is below the glass transition tem- 
perature. 
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Figure 2. Schematic depiction of load and extension responses of a 
typical polymer tested in simple tension tests at different tempera- 
tures, from temperature well below the glass transition tempera- 
ture, i.e., curve a, to temperature above the glass transition tem- 
perature, i.e., curve d. (a) brittle fracture, (b) ductile failure, (c) cold- 
drawing, and (d) rubber-like behavior. (After Ward 1983.) 

The glass transition temperature is often 
quantified by the measurement of the load and 
deformation response of a material specimen 
during low strain amplitude harmonic loading 
experiments, creep tests and stress-relaxation 
tests. From the dynamic measurements of har- 
monic loading tests, elastic moduli of the mate- 

Figure 3. Real part of the complex Young's modulus 
plotted against the temperature of the material and the 
frequency of the harmonic loading in a three-axis plot 
for the synthetic rubber Buna N. (After Hearle 1982 and 
Nolle 1950.) 

rial can be calculated for the material's 
response at various frequencies and tem- 
peratures. Because the responses of poly- 
mers can have a viscous component, the 
moduli that are calculated are complex 
quantities. Figure 3 depicts the real part 
of the complex Young's modulus plot- 
ted against the temperature of the mate- 
rial and the frequency of the harmonic 
loading for the synthetic rubber Buna N. 
The data were originally published by 
Nolle (1950). This figure illustrates that 
the glass transition occurs primarily be- 
tween 0 and -20°C for lower frequency 
loading, but that the transition occurs at 
higher temperatures for higher fre- 
quency loading. These features, i.e., that 
glass-like behavior can occur both at low 
temperatures and at high frequency 
loading rates, are typical of elastomers. 

The distinction between rubbery and 
glassy behavior is made here to clearly il- 
lustrate the impact that temperature can 

have on the behavior of sealants. A distinction be- 
tween rubbery and viscous behavior should be 
made as well, however, since the effects of the vis- 
cous response of predominantly rubber-like ma- 
terials can be more than subtle, and since com- 
pounding of elastomers with additives can yield 
overly viscous formulations that behave with ex- 
cessive creep and stress relaxation for sealant ap- 
plications. ASTM (1991b) provides a definition for 
rubbery behavior by suggesting that a specimen 
made from rubber, when stretched to twice its 
length for a duration of one minute, will return 
upon release to 1.5 times its original length within 
one minute. This definition implies that a distinc- 
tion can be made between predominantly rubbery 
and viscoelastic behaviors, while recognizing that 
rubber behavior incorporates some viscoelasticity 

Failure of elastomers is typified by brittle frac- 
ture that occurs only after large, nonlinear elastic 
deformations, with any plastic deformation being 
restricted to a very small volume of the material 
around the fracture (Williams 1984). Bueche and 
Berry (1959), however, have suggested that, for pre- 
dictions of tensile failure, a critical stress criterion 
rather than a fracture mechanics-based criterion 
is preferable. For simple tension specimen configu- 
rations, Smith and Stedry (1960) have made mea- 
surements that demonstrate the influence that 
strain rate and temperature have on tensile fail- 
ure, and have shown that a tensile failure enve- 
lope connecting rupture points of the stress-strain 
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Figure 4. Variation of the simple tension 
stress-strain curves of an elastomer with 
strain rate and temperature, and an enve- 
lope of failure points. (After Ward 1983 and 
Smith and Stedry 1960.) 
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Figure 5. Schematic illustration of the variation of the coefficient 
of volume expansion a with temperature Tfor polymers, and the 
glass transition temperature Tg. (After Eisenberg 1984.) 

data can be formed that reflects this influence. Fig- 
ure 4 shows a schematic illustration of their data. 

Brittle fracture of an elastomer after large de- 
formations should be distinguished from brittle 
fracture of the same material in a glassy state. The 
use of the "brittle fracture" to describe rubber fail- 
ure can be misleading and is not often used. In 
addition, the transition from rubber-like behavior 
to glassy behavior should be distinguished from 
a ductile to brittle transition. The terms ductile and 
brittle describe primarily the failure response at 
large strains, whereas the terms rubbery and glassy 
encompass mechanical response behavior of a 
greater extent. 

Although elastomers generally behave as in- 
compressible materials in a mechanical loading 
context, thermally induced volumetric strains can 
be significant and, if constrained, can have a sig- 
nificant influence on the stresses in the material. 
The thermal coefficient of volume expansion of a 
polymer is another property that varies with tem- 
perature such that the glass transition tempera- 
ture is revealed. Figure 5 illustrates this variation 
schematically. 

Volume changes in rubbers can also be caused 
by exposure to organic liquids such as hydrocar- 
bons (Treloar 1975). Rubber materials can swell and 
contract with the exposure and expulsion of the 
liquids, and the volume compressibility can in- 
crease with exposure such that an assumption that 
the rubber is incompressible is no longer valid 
(Treloar 1975). Swelling does not imply that any 

chemical interaction between the rubber and the 
liquid has occurred, however. For rubbers the pro- 
cess is simply a physical mixing process in which 
the molecules of the liquid diffuse into the mo- 
lecular structure of the rubber (Treloar 1975). Vol- 
ume changes due to shrinkage during curing of 
the rubber formulation can be significant, particu- 
larly if the curing process includes evaporation of 
solvents (Panek and Cook 1984). As mentioned 
above, if the volumetric strains are constrained, 
the material stresses will be affected. 

Hyperelastic 
constitutive model 

To characterize the stress-strain response of an 
elastic body undergoing large deformations, it is 
sufficient to specify the form of the strain energy 
function W as a function of the deformation or cur- 
rent strain (e.g., Rivlin 1956, Green and Adkins 
1960). The derivative of the strain energy function 
with respect to a strain component gives the cor- 
responding stress component. The term hyperelas- 
tic has been used to describe such an ideal elastic 
material (Malvern 1969). 

The form of strain energy functions of rubbers 
has been deduced from both molecular consider- 
ations and phenomenological experiments, and 
similarities between the forms have been found 
(Treloar 1975, Green and Adkins 1960). Based on 
experimental measurements, Rivlin and Saunders 
(1951) have suggested that, for vulcanized natural 
rubber, 



W=C(J1-3)+/(J2-3), (1) 

where l\ and l2 are strain invariants for an isotropic, 
incompressible material, C is a constant, and / de- 
notes "a function of." Specifically, I1=Xl+X2+ ^3 

and I2 = 1/ ^i +1/^2 +1 A3, where the As are the 
extension ratios, i.e., ratios of the current length to 
the original length, in the principal directions. The 
first term of eq 1 has been found by relating the 
change in molecular dimensions to macroscopic 
strain measurements from homogeneous strain- 
loading experiments, and the last term has been 
called a "correction" term (Treloar 1974). A large 
body of work has been conducted to establish im- 
proved or alternative forms of the strain energy 
function for isotropic rubber materials from a phe- 
nomenological perspective (see Treloar 1975, for 
a review). For example, the following polynomial 
form of the strain energy density function (e.g., 
Rivlin and Saunders 1951) is often used for phe- 
nomenological modeling: 

W=    £   Qj^-Sy^-Sy,   C00=0.      (2) 
i=0,j=0 

The experimental determination of the strain en- 
ergy function is typically a detailed task. Rivlin 
and Saunders (1951) described a technique using 
biaxial loading experiments of rubber sheets that 
has been adapted by many workers. In this tech- 
nique dW/d^ and 3VV/3I2 are calculated from mea- 
surements as functions of l\ and I2, and the func- 
tions are used to define eq 1. The conditions dur- 
ing the experiments dictate the thermodynamic na- 
ture of the strain energy function that is found, 
e.g., that the strain energy function is the function 
for isothermal and constant pressure conditions 
(Ward 1983). Other techniques have been devel- 
oped as well. For example, Penn and Kearsley 
(1976) describe a data reduction technique for tor- 
sion experiments that allows dW/dli and dW/dI2 

to be calculated from torque and normal force mea- 
surements at different torsion angles. 

Implementations of strain energy functions for 
large deformation response predictions of rubber 
structures are described for several homogeneous 
and inhomogeneous deformation problems by 
Rivlin (1956). Numerical implementations of hyper- 
elastic models, using the finite element method 
with large deformation capabilities, are described, 
for example, by Hibbitt et al. (1989) and Finney 
and Kumar (1988). The effect of temperature on 
the structural response can be incorporated in the 
analysis by measuring the strain energy as a func- 
tion of temperature as well as strain. 

Because a response predicted by a hyperelastic 
model is independent of the previous state of 
strain, the predicted stresses are independent of 
the strain history and deformation rate, and the 
response is that of a conservative system. As such, 
hyperelasticity cannot model viscous or plastic be- 
havior, such as hysteresis, creep, stress relaxation 
and permanent deformation (Green and Adkins 
I960). However, for rubber-like time-dependent 
materials, McKenna and Zapas (1986), citing Rivlin 
(1956), describe the validity of using isochronal 
stress-strain data from stress-relaxation tests, mea- 
sured at relatively short times after a rapid strain 
application, as an estimate of the equilibrium data 
for calculating strain energy functions for use in 
finite elasticity calculations. Thus, if the data of 
the time-dependent material response are treated 
correctly, the time dependence can be ignored for 
purposes of the finite deformation calculations, and 
the results could be viewed as the response at a 
given time, e.g., the long-term response. 

Examples of 
sealant behavior 

Previous experimental studies of the mechani- 
cal behavior of joint and crack sealants have re- 
lied primarily on structural configuration tests 
rather than material property tests to obtain mea- 
sures of the sealant response. Although structural 
configuration tests can reveal "apparent" system 
properties (Gent and Lindley 1959), material prop- 
erties cannot readily be found from these tests. Re- 
sults from structural configuration tests will be 
reviewed in the following section. 

Catsiff et al. (1970a) have described material test 
data from several sealant materials, including poly- 
sulfide, silicone and asphalt-polyurethane sealants. 
They presented measurements indicating that an 
incompressibility assumption is valid for analyz- 
ing structures formed from these materials, and 
emphasized the validity of the incompressibility 
assumption for the sealant formulations, not just 
the base-elastomer. They further suggested that 
stress and elongation data in an isochronous form, 
e.g., stress and extension data for a given time af- 
ter the loads are applied in stress-relaxation tests, 
are appropriate for structural analysis techniques 
in which time-dependent behavior is not incorp- 
orated. This suggestion is consistent with the meth- 
od suggested by McKenna and Zapas (1986) for 
calculating the strain energy function for quasi- 
elastomeric materials, as mentioned above. Catsiff 
et al. (1970a) presented data illustrating the valid- 
ity of this technique for sealants. 



Tensile failure and extension data from simple 
tension tests of various silicone joint sealants have 
been described in the literature by Spells (1987) and 
are reproduced in Table 2. The sealants were des- 
ignated by Spells as high modulus, medium modu- 
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Figure 6. Examples of the real part of the complex shear 
modulus G CG = G1 + iG2) and the loss factor tan 8 
(tan 8 = G2/Gj) as functions of temperature from low- 
strain harmonic loading tests of (a) a polysulfide seal- 
ant, (b) a polysidfide elastomer, (c) a urethane elastomer, 
and (d) a natural rubber, all tested at three loading fre- 
quencies in beam tests. (After Nashifand Lewis 1991.) 

Table 2. Tensile failure and extension data from simple 
tension tests of various silicone joint sealants. (From 
Spells 1987.) 

Sealant 
classification 

Force per unit 
unstrained area at 

extension ratio = 1.5 
(kPa) 

Extension ratio at 
breaking failure 

High modulus 
Medium modulus 
Low modulus 

690 
276-690 

276 

5 
5-12 

12 

lus, and low modulus sealants in order to demon- 
strate their range of deformation capabilities, and 
were tested according to standard procedures 
(ASTM 1991d) at near room temperature. For each 
category the table lists the force per unit of the 
original, unstrained area at an extension ratio of 
1.5, and the extension ratio at breaking failure. 

Very few data exist in the literature regarding 
the effect that temperature has on sealant proper- 
ties, although in the rubber and polymer industry 
such material property data are routinely gener- 
ated for evaluating the effectiveness of the mate- 
rial, and standard test methods are suggested for 
obtaining the data (e.g., ASTM 1991c). One ex- 
ample of shear modulus vs. temperature data from 
low-strain harmonic loading tests of a sealant is 
shown in Figure 6. The data are for a polysulfide 
sealant tested at three loading frequencies using a 
beam test, from a publication of Nashif and Lewis 
(1991). The real part of the shear modulus G(G = 
Gi + iG2) and the loss factor tan 8 (tan 8 = G1/G2) 
are shown. Also shown from this publication, for 
purposes of comparison, are corresponding data 
sets for a polysulfide elastomer, a urethane elas- 
tomer and a natural rubber. 

More general reviews of the characteristics of 
sealants have been given by Panek and Cook (1984) 
and the American Concrete Institute (ACI1993). 

MECHANICAL 
RESPONSE OF SEALS 

The current state of knowledge of the mechani- 
cal response of joint and crack seals comes prima- 
rily from field and laboratory experimental stud- 
ies of the deformation capabilities of pavement and 
building seals. As indicated by the extent of the 
experimental work that is documented in the lit- 
erature and by the concerns of the practitioners 
who are charged with sealing joints and cracks, 



the structural performance of seals is of great in- 
terest to civil and pavement engineers. Although 
it is generally recognized that the low-tempera- 
ture extreme of the seasonal temperature cycle can 
lead to failure of the seal if the material hardens 
significantly and the seal is extended by the move- 
ment of the joint or crack (e.g., ACI 1993, Beech 
1985, Catsiff et al. 1970a), very little work has been 
conducted to quantify the effect of low-tempera- 
ture variations on the structural response of seals. 
In this section the basic geometry of seal structures 
and their loading is discussed; conventional ex- 
perimental techniques for studying pavement joint 
and crack seals are described; and the mechanical 
response of seal structures to joint movements, as 

Backing Rod 

Separating Tape 

Figure 7. Butt joint seal cross 
sections in joint and crack loca- 
tions with different practical 
variations of joint preparation, 
uses of auxiliary materials and 
seal geometries. 

revealed by a selection of analysis results and ex- 
perimental measurements, is reviewed. 

Basic structural geometry and 
loading configurations of seals 

In general, portland cement concrete pavements 
are constructed with regular joint patterns and 
spacing to avoid cracking of the pavement from 
thermal response and shrinkage of the concrete, 
whereas asphalt concrete pavements are rarely con- 
structed with built-in joints. When cracks are sealed 
in asphalt concrete pavements, where crack pat- 
terns can vary from regular spacings of relatively 
straight transverse and longitudinal cracks to ir- 
regular patterns of meandering cracks, it is con- 
ventionally recommended that butt joint reser- 
voirs be formed along the cracks using sawing or 
routing construction techniques (e.g., Lynch 1990). 
Some authors, however, without presenting analy- 
ses to support their contentions, have suggested 
that seal performance is not improved by this tech- 
nique (Panek and Cook 1984). Further, in the case 
of reflection cracks in asphalt concrete overlays of 
portland cement concrete pavements, where the 
crack patterns typically follow the regular joint 
pattern of the portland cement concrete pave- 
ment, it is also conventional practice to construct 
butt joint reservoirs along the cracks by sawing or 
routing the cracks. For these reasons little distinc- 
tion is made in this section between seals formed at 
joints and at cracks and between seals in portland 
cement concrete joints and in asphalt concrete 
joints, although the term crack is used in refer- 
ence to asphalt concrete pavements. 

In an engineering design context, a pavement 
joint or crack seal formed from a sealant can be 
described as a long structure with a butt joint cross 
section such as one of those depicted in Figure 7. 
This figure shows typical seal cross sections in joint 
and crack locations with variations of joint prepa- 
ration, uses of backing rod and separating tape, 
and seal geometries. Often in practice the construct- 
ed cross sections will deviate from the ideal con- 
figurations illustrated due to construction irregu- 
larities, backing rod installation or irregularities 
in the crack or joint. For crack seals in particular, 
it is also likely that there will be variations along 
the length of the seal as a result of the meander of 
the fracture in the pavement surface, and it may 
be that a joint reservoir is not prepared during the 
sealing operation and the seal is formed in the cav- 
ity of the crack. Although not quantified by realis- 
tic structural analyses of seals, it is generally recog- 
nized that when there is significant deviation from 



the butt joint configuration, there can be prema- 
ture failure of a seal because the load distribution 
results in increased stresses in the seal (e.g., ACI 
1993, ASTM 1991f). 

A pavement seal can be subjected to many types 
of loadings. These include loadings caused by sea- 
sonal, daily and traffic-induced movements of the 
joint or crack opening; the direct loading of the 
seal itself by tires or hard objects such as small 
rocks under the weight of tires; the forces of con- 
straint caused by the volume change response of 
the seal material that results from the curing pro- 
cess, temperature variations or the interaction of 
the seal material with a foreign substance such as 
jet fuel; and the forces of constraint caused by 
changes in the stress-strain behavior of the seal 
material induced by temperature variations or the 
aging of the material. The distribution of loads on 
pavement joint seals as a result of long- and short- 
duration movements of the joints is not a directly 
measurable quantity, whereas joint movements can 
be measured directly. As a consequence the "move- 
ment capability" (see e.g., Panek and Cook 1984, 
ASTM 1991f) of a model seal in terms of either a 
safe-working elongation or an ultimate, failure 
elongation, rather than a load capability in terms 
of the sealant's strength, is commonly used to 
comparatively describe sealants. Examples of hori- 
zontal joint movement measurements are the data 
of Minkarah et al. (1982), which are from portland 
cement concrete highway test sections in Ohio with 
regular joint spacings. Minkarah et al. mentioned 
that short-term measurements of ±25% were typi- 
cal for joints formed by 6.4- and 12.2-m highway 
sections, and were greater than longer cyclic move- 
ments. Such movements can be roughly estimated 
with manageable structural analysis calculations. 
For example, the American Concrete Institute (ACI 
1993) has suggested an analysis technique for pre- 
dicting horizontal movements of joints in portland 
cement concrete pavements due to thermal con- 
traction and expansion of the concrete material. 

Conventional performance testing for 
studying the load and deformation 
response of joint and crack seals 

As mentioned above, it is typically a "move- 
ment capability" of a model seal, in terms of ei- 
ther a safe or ultimate extension, compression or 
other deformation, that is used to summarize the 
load and deformation performance of the corre- 
sponding sealant product. In general, although an 
apparent modulus is often reported for a model 
seal, conventional experimental techniques for 

characterizing a seal's response to load sometimes 
adopt the movement capability concept without 
concern of the load. These techniques are intended 
to provide performance data so that a seal designer 
can ensure that the working movement capability 
of a seal is greater than the movement that the joint 
will experience. 

Tests of model seals are generally conducted 
using block-shaped seal specimens constrained be- 
tween parallel surfaces of a given substrate. Per- 
formance-based standard tests of these model seals 
(Beech 1985), for both the pavement and building 
seal industries, have been developed primarily to 
provide a basis for quantifying and indexing move- 
ment capability in the context of the movements 
associated with seasonal joint opening and clos- 
ing. As suggested by the standards, these tests are 
typically conducted at a specific low temperature 
in recognition of the severity of the low tempera- 
ture extreme. None of the standard methods in- 
corporate test series for measuring the possible stiff- 
ening of the response as the temperature is lowered, 
however. Many other laboratory and field tests that 
are not standard have been performed to measure 
the movement capability of model seals. These in- 
clude laboratory tests of a model seal's response 
to transverse movements (e.g., Shisler and Klosow- 
ski 1990), and long-duration field tests using ther- 
mally designed loading fixtures that allow a model 
seal to be subjected to environmental weathering 
and temperature variation-induced joint move- 
ments (e.g., Karpati et al. 1977). Regarding the lat- 
ter, although an extensive amount of research on 
sealant movement capability has been performed 
using outdoor strain cycling exposure racks (e.g., 
Karpati 1980, 1989), continuous load and defor- 
mation measurements with strain cycling have not 
been made, and thus quantitative structural re- 
sponse information has not been obtained during 
the exposure. Such measurements could provide 
significant quantitative data regarding tempera- 
ture-induced hardening and its effect upon the load 
and deformation response of seal specimens. How- 
ever, typically only the joint movement and tem- 
perature have been measured while the seals are 
on the rack, and changes of the model seals have 
been noted visually (Karpati 1980). 

Beech (1985) has suggested that tests of model 
seals yield superior results for measuring move- 
ment capability, compared to tests of actual seals 
in field service, because the results from in-ser- 
vice tests reflect a specific set of circumstances and 
do not lend themselves to statistical analysis. In- 
deed, when the goal of the test is to determine a 
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capability of a sealant to form a seal, independent 
of the workmanship and other conditions pecu- 
liar to a given application of the sealant, such an 
isolation of variables is required to improve the 
degree of control of the experiment. Beech stated 
that the long-duration exposure and seasonal cy- 
cling tests noted above (Karpati et al. 1977) are the 
"closest practicable approach" to in-service tests. 

There is confusion in the sealant literature re- 
garding the nature of tests on model seals, how- 
ever. In particular, although the block-shaped seal 
specimens do not respond with a true plane-strain 
response because of their typically short length, the 
models are often assumed to represent long joint 
seal structures. Additionally, research test results 
of the model structure are often reported as if a 
homogeneous material response rather than an in- 
homogeneous structural response has been mea- 
sured. For example, when model seals are tested in 
material testing apparatuses, the nominal stress 
and strain are often used to calculate the apparent 
modulus exhibited by the structure, yet the value 
is typically reported simply as a "modulus" as if 
the structural response could be considered as ho- 
mogeneous. Indeed, a leading textbook for seal- 
ants (Panek and Cook 1984) has incorrectly sug- 
gested that the modulus of elasticity of the sealant 
can be calculated from experiments on bonded 
model seals with 1.3- x 1.3-cm cross sections, with- 
out alerting the reader that the result is the apparent 
modulus of the structural system rather than the 
material modulus. Furthermore, "creep" and 
"stress-relaxation" tests have been conducted using 
model seal specimens, without following the con- 
ventional approach of using a structural solution 
to calculate the corresponding material response 
(Cook 1965a, Sandberg and Rintala 1990), even 
though creep and stress-relaxation refer to ma- 
terial responses and not system responses. The 
implication is that, in general, researchers in this 
field do not distinguish between the response of 
the material and the response of the structure 
formed from the material. Evidently this lack of 
distinction has led to a conventional practice in 
which butt joint seal structures are tested not only 
to ascertain the behavior of a particular structure, 
but also to specify the behavior of the sealant ma- 
terial, and to do so without suggesting that the 
behavior is the apparent material behavior for the 
particular structure. For the practicing engineer 
this distinction may not be of concern, but it is 
important that the researchers who establish de- 
sign criteria do so with a firm understanding and 
clear communication of such basic mechanics. 

Regarding the performance testing of model seal 
structures as the conventional technique for speci- 
fying the behavior of the corresponding sealant 
material, Catsiff et al. (1970a) state 

Relevance of the measurements obtained to actual 
use is likely to require an almost intuitive appre- 
ciation of past experience. Special-purpose tests may 
be devised, but the multiplicity of end-use require- 
ments can be expected to yield an equal multiplic- 
ity of such tests. In any case, correlation of field 
failures or successes with numerous laboratory tests 
and controlled field tests is bound to be a tedious 
and time consuming operation. 

Their remarks underscore the need for more engi- 
neering mechanics-based specifications of sealant 
behavior, such that practical decisions can be made 
competently by an engineer who does not have 
years of experience with special-purpose perfor- 
mance tests. 

In addition to movement capability experi- 
ments, other load and deformation response tests 
are incorporated in standard test methods to mimic 
the load associated with indentation of hard ob- 
jects. For example, in ASTM D 3407 (1991e), which 
is a standard for testing joint sealants for concrete 
and asphalt pavements, these tests are penetration 
index tests of cured sealant specimens. 

Response of seals to 
joint movements: Results from 
analyses and experiments 

In the field of building and pavement sealants, 
the most widely used and referenced technique 
for the analysis of the response of seals to joint 
movements is the nominal strain calculation ap- 
proach of Tons (1959). Tons used observations of 
elastomer-based seals to suggest that the deformed 
top and bottom surfaces of a long butt joint seal 
are constrained to have a parabolic shape, and to 
assume that the material of the seal is incompress- 
ible. His analysis consisted of calculating an ap- 
parent, nominal strain along "the parabolic curve- 
in line" so that the movement capability of seals 
with different shape factors could be compared. 
He used his observations, constraint assumptions 
and calculations to suggest guidelines for shape 
factor design, stating that "for like conditions, the 
greater the width of the joint, the less the sealer 
will be strained for the same percentage of joint 
opening," and that "the shallower the joint is 
sealed, the less the sealer will be strained when 
the joint opens, other conditions being the same." 
Tons observed that at large deformations the de- 
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Figure 8. Ratio of apparent Young's modulus to Young's modulus of 
the material, Efl/E, of a rubber block in the configuration of a long 
butt joint seal, in relation to the shape factor d/w. (From Gent and 
Lindley 1959.) 

formation pattern deviated from the parabolic 
shape and the nominal strain distribution along 
the parabolic surface varied slightly from a "uni- 
form" nominal strain. The calculation of a nomi- 
nal strain that Tons suggested, and the use of the 
calculations to compare the movement capability 
of seals formed with different shape factors, is an 
approach that has been incorporated into design 
manuals (ACI1993) and used extensively by prac- 
ticing engineers. 

Another publication from 1959 describes a sim- 
ple analytical solution for shape factor design that 
is based on structural mechanics theory. Gent and 
Lindley (1959) presented results of elasticity analy- 
ses and experiments designed to assess the effect 
of a shape factor on the apparent modulus of rub- 
ber blocks, i.e., the stiffness of the blocks, in butt 
joint seal configurations under compression loads. 
They showed that the apparent Young's modulus 
Ea of a rubber block in the configuration of a long 
butt joint seal, in relation to the Young's modulus 
of the material E, the width of the joint zu and the 
depth of the seal d, can be approximated by 

E 

4     1 :_ + _ 
3    3\w (3) 

The relation is illustrated in Figure 8. It was de- 
rived for volume-incompressible rubbers at small 
deformations, and was shown to compare well to 
the experimental behavior of compressed rubber 
blocks. Applying the relation to joint seals, for ra- 

tios of d/w less than 1, the apparent modulus of a 
seal can approach a value that is 4/3 the sealant 
modulus, yet the apparent modulus can increase 
dramatically with increasing d/w ratios. This in- 
formation could be used in the design choice of 
d/w to ensure that stresses in the seal and at the 
adhesive interface will not be excessive, i.e., to en- 
sure that a seal formed from a low modulus seal- 
ant will not respond with a high stiffness. The re- 
lation provides a clear structural rational for the 
need to maintain control over shape factors in 
crack-sealing jobs through such means as rout and 
seal or saw and seal techniques. Gent and Mien- 
ecke (1970) presented similar solutions for bend- 
ing and apparent shear joint movements, which 
could also be used for joint seal shape design. Gent 
and Lindley (1959) further showed that the eq 3 
relation might not apply directly to volume-com- 
pressible rubber formulations, although they sug- 
gested that the relation could be modified to pre- 
dict the response of such compounds. Chalhoub 
and Kelly (1991) presented an instructive deriva- 
tion of the eq 3 relationship, and also considered 
volume compressibility. 

For an approximate analysis of the larger de- 
formation compression or extension responses of 
the rubber in a butt joint seal configuration, Gent 
and Lindley (1959) utilized an elasticity-based so- 
lution (Treloar 1975) of the stress-strain response 
of a rubber in pure homogeneous compression or 
extension, with the Young's modulus replaced with 
the apparent Young's modulus. From the solution 
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Figure 9. Approximation of the nominal stress-strain response of a 
butt joint seal in extension and compression. (From Gent and Lindley 
1959.) 

the ratio of the nominal stress to the apparent 
Young's modulus can be written as 

E7 
(4) 

where a is the nominal stress acting on the seal 
and X is the extension ratio of the current joint 
width to the original joint width. The relation is 
depicted in Figure 9. Gent and Lindley illustrated 
with experimental results that the approximation 
reasonably represents the compression of vulca- 
nized natural rubber blocks with d/w ratios from 
0.36 to 1.7, and with lengths equal to w, to approxi- 
mately 25% compression. These results, by the in- 
fluence of the apparent modulus on the large defor- 
mation response, provide further elucidation of the 
influence of the shape factor on the stress of a seal. 
It should be noted, however, that the use of eq 4 
implies the applicability of a strain energy func- 
tion with the form of the first term in eq 1. Al- 
though this term provides a good representation 
of rubber constitutive behavior, it does not repre- 
sent rubber behavior in general (Treloar 1974). 
Cook (1965a, 1965b) later considered the homo- 
geneous rubber elasticity relation of eq 4 for seal- 
ant materials, but inappropriately used the equa- 
tion directly for the inhomogeneous deformation 
of butt joint seal specimens without distinguish- 
ing between the material Young's modulus and 
the apparent Young's modulus, as shown to be nec- 
essary by Gent and Lindley (1959). 

a. Deformed quarter sections at 10% and 20% 
joint extension. 173~ 

b. Maximum principal stress distribution at 20% 
joint extension. 

Figure 10. Results of numerical analysis of a 1.2- 
x 1.2-cm silicone butt joint seal. (From Catsiffet 
al. 1970b.) 
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Figure 11. Karpati's (1972a) results showing the effect of temperature on 
the nominal stress-percentage elongation response of silicone butt joint 
seal specimens. 

Rubber elasticity models have been used with 
finite-deformation numerical analysis techniques 
to model the large deformation behavior of seals. 
Figure 10 shows results generated by Catsiff et al. 
(1970b) using finite element approximations for 
plane strain sections of silicone butt joint seals. 
The stress distribution and deformed configura- 
tions in Figure 10 illustrate a quantitative predic- 
tion of the response, and demonstrate the insight 
into the response behavior that can be obtained 
through such analysis. In particular, the high stress 
level at the corner reveals the critical zone within 
the structure, and suggests that adhesive failure 
would likely occur in this area if failure stresses 
are reached. The use of these techniques requires 
an appropriate calibration of the hyperelastic ma- 
terial model, however, which has not always been 
the case. For example, Holland (1990) calibrated a 
hyperelastic model with results from structural 
property tests rather than material property tests, 
evidently presuming that the structural responses 
represented homogeneous behavior. 

Other analysis techniques, particularly ana- 
lytical solutions based on small-strain elasticity 
theory, have been developed to investigate the ef- 
fect of the material volume change behavior on 
the stress distribution within a joint seal when the 
seal is constrained to have zero width change. Such 
techniques would apply to the response of a seal 
to thermal and other volume change mechanisms. 
Wu (1982) has reviewed these techniques. 

Responses of model seals from experimental 
work on building and pavement sealants from sev- 

eral research programs are illustrated in Figures 
11 through 16. These examples from the literature 
have been chosen to demonstrate the nature of the 
responses of seals formed from a variety of ma- 
terials under a range of conditions. The first ex- 
ample is Karpati's (1972a) joint extension experi- 
ments showing the effect of temperature on sili- 
cone butt joint seal specimens with dimensions of 
1.3 x 1.3 cm in the cross section and with a length 
of 5.1 cm. The material of the supporting bars was 
aluminum. The test results are depicted in Figure 
11. As Karpati suggested, below 50% extension of 
the joint and 350 kPa (50 psi) of nominal stress, 
there was little effect of temperature upon the seal 
responses, except that slightly stiffer responses 
were observed at the -42°C (-44°F) and -51°C 
(-60°F) temperatures. For this material the effect 
of temperature was primarily evident at much 
higher deformations of the seals. This observation 
is consistent with the low glass transition tem- 
perature of silicone. The effect that the deformation 
rate has on the response is shown in Figure 12 for 
tests at -23°C (-10°F) and 22°C (72°F) (Karpati 
1972b). Here is seen a more pronounced effect on 
the stiffness below 50% extension, relative to the 
negligible effect of temperature, with the higher 
deformation rates resulting in stiffer specimens. 
As a comparison, Karpati's (1973) results from poly- 
sulfide model seals are illustrated in Figure 13. 
Again results at two temperatures are shown 
(-34°C and 23°C), at the different deformation 
rates indicated, which in this case reflect a signifi- 
cant stiffening of the seal response from the higher 
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Figure 12. Karpati's (1972b) results showing the effect of deformation rate on the 
nominal stress-percent elongation response ofsilicone butt joint seal specimens. 

to the lower temperature. Karpati reported that 
the polysulfide sealant material had a glass transi- 
tion temperature of -46°C (-50°F). The results 
also show stiffer responses for the higher defor- 
mation rates. 

Karpati did not conduct material property tests. 
She did, however, apply material property con- 
cepts of temperature and strain-rate dependence 

from the polymers field to interpret the responses 
of model structures (Karpati 1972c, 1973). Karpati 
recognized that the model seals have "an extremely 
complicated stress field" (Karpati 1972c), citing the 
work of Catsiff et al. (1970b), and chose the geom- 
etry of a single structure for her work. Although 
Karpati's results provide insight into the material 
behavior, as suggested by Catsiff et al. (1970a), it 
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nominal stress-percentage elongation response of polysulfide butt joint seal speci- 
mens. 
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Figure 14. Results from constant rate of extension tests of 
butt joint seal specimens formed from various sealants, at 
-7°C (20°F) and 22°C (72°F). (From Collins et al. 1986.) 

is not possible to extrapolate such results to 
quantitatively predict general structural behav- 
ior, i.e., the behavior of seals with different ge- 
ometries and structural configurations. 

Karpati's results illustrated in Figures 11-13 
indicate the nominal loads and joint extensions 
at failure of the butt joint seals. A comparison of 
the results with the schematic illustration in Fig- 
ure 4 for material specimens demonstrates the 
underlying influence of the strain rate and tem- 
perature dependence of the material on the butt 
joint seal response. In general the failures take 
place at high joint expansions relative to the re- 
quirements of a field joint. This is the desired 
behavior of a low modulus sealant; i.e., the flex- 
ibility of the seal causes stresses to remain be- 
low failure levels for expected joint movements. 

Other examples are the experiments by Col- 
lins et al. (1986), which demonstrate the effect 
of temperature on the response of model seals. 
Results from the experiments are shown in Fig- 
ure 14. The tests were constant rate of joint ex- 
tension experiments using seal specimens with 
dimensions of 2.5 x 2.5 x 12.7 cm. The extension 
rate was 1.2 cm/min, and the test temperatures 
were -7°C (20°F), 22°C (72°F) and 54°C (130°F). 
Materials marketed as pavement sealants were 
used to form the model seals, and the material 
of the supporting bars was portland cement con- 
crete. The materials are indicated on the figure 
together with the extension ratios at failure. Also 
shown in the graphs are the responses of a pre- 
formed compression seal. 
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Figure 15. Cook's (1965a) results from step deformation tests of poly- 
sulfide butt joint seal specimens. 
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specimens formed from various sealants. (From Collins et al. 1986.) 

The load and deformation responses shown 
in Figure 14, as well as secant stiffness values of 
the model seals for 50% extension reported by 
Collins et al. (1986), show that significant stiffen- 
ing of the responses occurred at -7°C for all of the 
materials except the silicone sealant. The stiffen- 
ing of the rubberized asphalt seal due to the tem- 
perature reduction was extreme. 

Results from step deformation tests of poly- 
sulfide butt joint seal specimens performed by 
Cook (1965) are shown in Figure 15. The load vs. 
time curve in Figure 15 reflects the stress-relaxa- 
tion material response and the viscous nature of 
the polysulfide sealant. Results from similar ex- 
periments reported by Collins et al. (1986) are 
shown in Figure 16. These tests were conducted 
at 22°C (72°F) using the materials of Figure 14 
and the model seal geometry described above for 
the joint extension tests of Collins et al. (1986). 
The measurements were made after extending 
the model seals 50% at a deformation rate of 25 
cm/min. The percent change in the nominal stress 
vs. time is shown in Figure 16. It is interesting to 
note that while all of the responses shown in this 
figure reveal viscous behavior, as suggested by 
Collins et al. some of the behavior is viscoelastic 
and some viscoplastic. Without unloading curves 
this distinction cannot be made, however. 

SUMMARY AND 
RECOMMENDATIONS 

The primary mechanical requirements of a pave- 
ment joint seal are that it respond elastically or 

viscoelastically to any thermally or load-induced 
movement of the joint without failure of the seal 
or the adhesive bond, and that it cure to a suffi- 
cient hardness and remain sufficiently hard so that 
it will not be damaged by indentation of harder 
objects. Because joint movements are often large, 
joint seals must be expected to withstand large de- 
formations. Winter conditions are recognized as 
the most critical for a seal because of the possibil- 
ity that failure stresses will be reached in the seal 
or at the adhesive interface as the joint opens and 
the material stiffens in response to the tempera- 
ture reduction. For all conditions the ideal behav- 
ior of a pavement joint seal is that of an elastomer. 
As a result sealants have been formulated with a 
rubber or elastomer as a base material in order to 
have relatively low resistance to load at low tem- 
peratures. 

Pavement joint sealants that include a rubber 
or elastomer as a base material are, in essence, elas- 
tomeric compounds, and should be considered as 
such for research and engineering applications. Al- 
though plastic behavior is observed in the response 
of some sealant compounds containing elastomers, 
in general these sealants are formulated and pro- 
moted to behave with rubber-like characteristics. 
To describe the mechanical properties of these seal- 
ants it is helpful to consider sealant behavior in 
the context of the behavior of rubbers and elas- 
tomers since the material response features of prac- 
tical interest for sealing joints are clearly revealed, 
and since the elastomeric qualities that a seal dis- 
plays when subjected to field loadings and condi- 
tions can be used to judge the effectiveness of the 
sealant. Implicit in any description of an elasto- 
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meric compound, however, is a temperature range 
for which rubber-like behavior occurs. As the 
temperature of an elastomer is decreased, its me- 
chanical behavior changes until it behaves like 
glass. This is a phenomenon that can cause seals 
to stiffen during cold periods. Very few data exist 
in the literature or in manufacturers' specifica- 
tions concerning sealant properties as a function 
of temperature, although in the rubber and poly- 
mers industry such material property data are 
routinely generated for evaluating the effective- 
ness of a material. Without such data, or without 
extensive practical experience, seal designers can- 
not independently know the temperature below 
which a sealant will perform inadequately. For a 
particular cold region application, performance 
tests conducted at a single low temperature, which 
is a typical condition implemented in standard 
test methods, do not in general provide enough 
information for an engineer to establish the effec- 
tiveness of a sealant. 

Previous experimental studies of the mechani- 
cal behavior of joint and crack sealants have re- 
lied primarily on structural configuration perfor- 
mance tests rather than material property tests to 
obtain measures of the sealant response. Although 
structural configuration tests can reveal system 
properties, properties reflecting the stress and 
strain behavior of the material cannot be found 
from these tests. Structural tests are generally con- 
ducted using block-shaped model seal specimens 
constrained between parallel surfaces of a given 
substrate. These tests have been developed pri- 
marily to provide a basis for quantifying the ca- 
pability of the seal to withstand the movements 
of seasonal joint opening and closing. There is con- 
fusion in the sealant literature regarding the na- 
ture of tests on model seals, however. Of greatest 
concern is that research test results of model seals 
are often reported as if a homogeneous material 
response rather than an inhomogeneous struc- 
tural response has been measured. This lack of dis- 
tinction between the response of the material and 
the response of the structure formed from the ma- 
terial has led to a conventional practice in which 
butt joint seal structures are tested not only to as- 
certain the behavior of a particular structure, but 
also to specify the behavior of the sealant mate- 
rial, and to do so without suggesting that the be- 
havior is the apparent material behavior for the 
particular structure. Structural and experimental 
analysis conducted more than 30 years ago clear- 
ly showed that this practice can be misleading. 

Structural analysis, for the most part, has been 

ignored by sealant researchers, although there have 
been recommendations within the sealant research 
community that conventional practices of struc- 
tural mechanics be used to study and specify the 
behavior of sealants. In the related field of rubber 
and elastomers it is conventional practice to con- 
duct material property tests, as a function of tem- 
perature, and to use the information obtained to 
conduct structural analysis. In all of structural en- 
gineering research it is also conventional to vali- 
date the results of analysis with tests of model struc- 
tures. This classic framework should be applied 
in the research of sealants and joint seals, and 
should be followed to study sealants for cold cli- 
mate applications. As indicated in this review, phe- 
nomenological theories of material behavior, ma- 
terial property tests, structural analysis methods 
and stmctural testing capabilities are available for 
adopting this framework. For the development of 
selection and design criteria for cold climate seal- 
ants and seals, this approach, as compared to the 
conventional performance testing approach, would 
be most efficient and productive. 
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