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compliance evaluated for the interval of each stress incre-
ment: '’
e)=cJ()+Ac J(t—7)+ ...+ A0, J(t-7,)

where: o4, Ao, Ao, =1nitial stress, first, and nth stress in-
crements, respectively, applied at
times, 0, r, and 7., respectively,

J(, J(t-7)), J(t—r)=creep compliance, evaluated in the
time frames of each stress.

For a continuous loading process, the Boltzmann superposi-

tion principle becomes a convolution integral.

For some polymers, creep data measured at various
isotherms yield a family of parallel curves when the creep
compliance is plotted against time on logarithmic scales.
Thus, the time, t,, required to attain a certain value of creep
compliance at one temperature may be computed from the
product of a shift factor, a;[T], and the time t,, required to
reach that same compliance at some arbitrary reference
temperature:

J(tr)=J(adTIte).
A reduced time scale may therefore be defined as equivalent
to the time scale for the reference temperature:

le=£=t/a;[T] (3)
The shift factor a;[T] is assumed to vary only with
temperature. Materials which obey this reduced time rela-
tionship are thermorheologically-simple materials. Some
bitumens obey this principle of time-temperature superposi-
tion.'*

The extension of time-temperature superposition to tran-
sient temperature conditions has been discussed in detail by
Christensen.'* Thermally-induced stress, oft), in a prismatic,
linearly viscoelastic material restrained longitudinally dur.
ing a temperature decrease is given by:

o(t)= !;E[E(t) - E(T)]__a (o T[7])dr

ar (4)
where:

£ - b = |} —

ar[T({t")]

dt’ =reduced time evaluated for a
prescribed temperature history,
T@t'),

and: E[£(t) — £[7)] =stress relaxation modulus evaluated for

the argument, [£(t)— £(7)],

a,=coefficient of thermal expansion,

TI7] =temperature change as a function of the
dummy variable of integration, 7.

Bonafont'® used the viscoelastic formulation to estimate
rupture temperatures for bitumen restrained from move-
ment in the plane of the bitumen,

Nonlinear mechanical behavior also may be described by
a strain-dependent modulus, F(e), in the form:

a=F{e)e. (5

Pommersheim and Mathey?® found that data measured for
some conventional membrane components could be de-
scribed by equation 5 by approximating the strain-
dependent modulus with an exponential function. Nonlinear
viscoelatic behavior is sometimes described by two separable
functions, the linear viscoelastic function and a strain-
dependent function.* Hence, for the stress relaxation pro-
blem:

o =G(e)E(1) ' 6)
where: G(e) =function of strain that approaches the strain at
small deformations,
E(t) =stress relaxation modulus.

TESTING PROGRAM

Two modified bitumens, designated MB-I and MB-1I, were
tested using tension tests conducted on Y:-inch diameter
cylindrical specimens of 2-inch test length. Specimen ends
were tapered to reduce stress concentrations from the grips.
Grips were designed to prevent specimen slippage.
Modified bitumens can undergo appreciable elongation so
the definition of natural, or true, strain was used:*:
e=n(g/go)
where the argument, g/g,, is the ratio of instantaneous to in-
itial gage lengths. A linear correlation was observed between
crosshead displacement, x, and the gage ratio, so that strain
was calculated indirectly by the relation
e=n{(L,+x)/L.) D
where L, represents a constant effective gage length.
The stress on the actual cross-section was calculated by:
o={P/Age*" (8)
where o, ¢ =stress and strain, respectively,

P/A,=nominal stress, based on original area of the
specimen,
v =Poisson’s ratio, measured as 0.5 for MB-I and
MB-I11.
For small strains, on the order of 5 percent or less, equations
7 and 8 reduce to the nominal definitions for strain and
stress commonly used to describe elastic behavior.

Stress data for modified bitumen, MB-1, were analyzed to
formulate a constitutive equation for this material. For
linear viscoelastic behavior, the stress response, oft), to a
uniform rate of strain, R, at isothermal testing conditions
should obey the equation:

o(t)= |, E(t— 1) (R)d7 9
By applying properties of Laplace transformation, the stress
relaxation modulus, E(t), can be shown to be the time
derivative of the ratio of stress to uniform strain rate:
E(ty=d/dt[e(t)/R]. (10)
Accordingly, an increase in strain rate must produce an
equivalent increase in stress at common values of time in the
range for which linear viscoelasticity is applicable. 1f the
ratio, o(t) to R, varies linearly with time, then relaxation
does not occur, and the material may be described by
Hooke's law.

A testing machine was designed to extend specimens at €x-
ponential rates so that rates of natural strain would be con-
stant for each tensile test. An environmental chamber per-
mitted load-deformation characterization at temperatures
ranging from 28 to —40C (82 to — 40F). Specimens were im-
mersed in an ethylene glycol bath which was cooled by
refrigerant circulated through copper coils located at the
bottom of the test chamber, Air was bubbled up past the coil
system to mix the bath medium thoroughly,

Thermal splitting tests were conducted for specimens of
Type I1I asphalt and modified bitumens, MB-I and MB-IL.
Specimens were 23'% inches long, with a prismatic test
region of 20x'4x1" inches. A test chamber was constructed




64

for restraining specimens at essentially constant length.
Specimens were immersed in a bath of methanol, and then
subjected to a rapid temperature decrease by bubbling liquid
nitrogen from the bottom of the tank.

The coefficient of linear thermal expansion was measured
for specimens of polymer-modified bitumen, MB-I, using a
quartz-tube dilatometer (ASTM D696). Specimens of
3/16-inch diameter and 2 inches long were tested in the bath
chamber constructed for thermal splitting experiments.

RESULTS AND DISCUSSION

Modified bitumen, MB-I, exhibited plastic behavior, as
shown in Figure 1. Rupture stress increased with decreasing
temperature and with increasing rates of strain for
specimens tested at or above — 17C (+ 1F). Specimens tested
at —30 and ~40C (—22 and —40F) ruptured before attain-
ing a plateau of plastic flow.

Plots of the ratio of stress to strain rate against time did
not superpose data measured at common temperatures, as
shown in Figure 2. Therefore stress relaxation did not obey
the theory of linear viscoelasticity for the range of strain
rates used to test specimens of MB-I. Time-independent in-
itial moduli were calculated from the slope of the stress-
strain curves (Table I). The following equation was used to
describe temperature dependence of the data:

E,=2220-89.1(T) + 1.16(T?),
psi, for (—31C<T=<28C). (11)

This equation then was used to predict thermally-induced
stresses developed in specimens of MB-I subjected to the
thermal loading test. Additional tests will be needed to
measure the strain-rate dependence of these moduli.

The coefficient of thermal expansion was calculated for
material MB-I from the slope of the contraction strain-
versus-temperature curve (Figure 3). Because a change in
slope occurs at the material’s glass transition temperature, '’
the coefficient of thermal expansion was estimated to be
0.00018 inches per inch per degree C and 0.00011 inches per
inch per degree C above and below the glass transition
temperature, approximately — 17C (+ 1F), respectively.

Specimens of MB-II bitumen sustained large extensions,
even at cold temperatures. Data in Figure 4 were truncated
at a strain of 1.50 because the linear relationship between
crosshead displacement and gage ratio (equation 7) did not
apply at higher extensions. Specimens ruptured only at test
temperatures of —31 and —40C (—24 and —40F). The up-
ward concavity of the stress-strain curves at high extensions
indicates that the material may have a nonlinear constitutive
law of the form given by equation 6. Rupture data for
materials MB-1 and MB-II are compared in Table II.

A sample of Type I1I asphalt having a 96C softening point
and 16 pen was obtained to provide a reference for compari-
sion between thermally-induced loads for conventional
roofing bitumen and those for polymer-modified bitumens,
MB-I and MB-II. The creep compliance of Type III asphalt
also was estimated from Van der Poel’s nomograph,'® using
a value of 3.7 for the penetration index. Values of the stress
relaxation modulus were calculated from the creep com-
pliance by an approximate method used by Aklonis and
Tobolsky.?* These values are shown in Figure 5 for various
temperatures, and as a master curve at —4C (25F) in Figure
6. The shift function has been plotted against temperature in
Figure 7. The following functions thus were derived from

the stiffness nomograph for the stress relaxation modulus,
E.A%), and shift factor, a,[T), respectively:

E.(§) =362,500, psi, for (0=£=<6.19x107® sec)

Elll(g) — 19130(&)—.2791—0.006[37?15, psi (12)
for (6.19x10%<¢=<1.8 X 108 sec)
and a;[T]=0.3283 ¢™03%7 (13)

for reduced time, £, in seconds and temperature, T, in
degrees C.

Results of the thermal splitting experiment are shown in
Figures 8 and 9 for the two polymer-modified bitumens and
for the Type III bitumen, respectively. Specimens of
modified bitumen, MB-II, did not rupture, even when sub-
jected to temperatures as low as —81C (— 114F). Specimens
of modified bitumen, MB-I, ruptured at temperatures in the
range of —44to —55C (—47 to —67F). Specimens ruptured
near the gripping blocks. Therefore, lower temperaturs
might have been attained in the absence of such local stress
concentrations. The solid line shown with the data for
specimens of MB-I corresponds to the stress increase
estimated indirectly from the modulus, equation 11, and
coefficient of thermal expansion by the equation:

0=(2220-89.1(T) + 1.16(T?)) e, psi, for (T= —31C) (14)
where

0.00018(To—T), for (—17C=T=Ty)
€c=
0.00018(To+17)+0.00011(—17-T),
for (-31C=T< -17C).

Type IIl asphalt specimens ruptured at temperatures
ranging from —20 to —30C (—4 to —22F). Untapered
specimens ruptured near the face of the gripping blocks,
whereas specimens which were tapered to a thickness of
Va-inch ruptured in the test region. Rupture temperatures
measured for all specimens were consistent. The solid line
shown in Figure 9 corresponds to the numerical solution of
the stress relaxation equation for a linear temperature
decrease:

o= |, EI&(t) — &(7)])(cm)d7, psi (15)
where
E[£(t) — (7)) = relaxation modulus evaluated for the reduc-
ed time argument, [£(t) — £(7)], equation 12
E(t) — £(7) = 10.12e0301T (g 30tmr — @~ 301my /- ¢f. equa-
tions 4 and 13

To=initial temperature, 21C
m =rate of temperature decrease, 0.068C/sec.

oo =coefficient of thermal expansion, assumed
to be 0.0002 per degree C (19).
The dashed line in Figure 9 corresponds to Bonafont’s solu-

tion,'® divided by a factor of two to account for uniaxial
restraint:

0 =18.75m0 e 0197010411 _ (0 757) psi  (16)

where the rate, m, and initial temperature, T,, were taken as
0.068C per second and 21C. Close agreement noted between
equations 15 and 16 is expected since both are based on the
Van der Poel stiffness nomograph.'s The amount by which
equations 15 and 16 overestimate the thermally-induced
stress data is considerable, however, and may be caused by
assumption of an inaccurate coefficient of thermal expan-
sion for bitumen. Baastrup-Larsen?® has cited a value of ap-
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proximately 0.00012 per degree C for bitumen below the
glass transition temperature.

Rigden and Lee?** found that bitumens approach a cons-
tant breaking strength when tested below the Fraass brittle
temperature, rupturing at a hydrostatic tension (mean of
principal normal stresses) value of about 6 to 10 Kg/cm’.
For uniaxial tension, the data from Rigden and Lee corres-
pond to ultimate strengths of about 250 to 430 psi (18 to 30
Kg/cm?). However, de Bats, et al.,’? concluded that the
critical thermal stress for roofing bitumens ranges from
about 72 to 20 psi (500 to 140 KN/m?), depending on the
penetration index, Rupture stresses measured for Type 111
asphalt specimens subjected to the thermal splitting test
were approximately 18 to 52 psi.

SUMMARY AND CONCLUSIONS

Testing procedures and equipment were developed for
measuring mechanical properties of polymer-modified roof-
ing bitumens at cold temperatures and large extensions. The
two modified bitumens exhibited different types of stress-
strain curves, plastic behavior for MB-1 and stiffening at
large extensions for MB-I1. The behavior of these materials,
in the range of strain rates tested, could not be modeled us-
ing linear theory of viscoelasticity because stress relaxation
was not evident in the stress-strain curves. These strain
rates, however, were rapid relative to magnitudes of strain
rate anticipated for roofs in service, and linear viscoelastici-
ty may be applicable at infinitesimally slow rates of strain,

Heat capacity was measured as a function of temperature
by differential scanning calorimetry for the Type III asphalt
and the two polymer-modified bitumens. The onset temper-
ature of the glass transition for the Type II1 asphalt was ap-
proximately — 10C (14F). However, distinct dicontinuities
were not evident in the heat capacity curves for the two
polymer-modified bitumens, so that differential scanning
calorimetry did not detect the glass transition of these
materials. Dilatometry measurements and stress-strain data
indicated a glass transition for material MB-1 at approx-
imately —17C (+1F).

A low-temperature thermal splitting test was developed to
compare rupture temperatures of the polymer-modified
bitumens with those of a sample of Type I11 roofing asphalt.
The polymer-modified bitumens exhibited much greater
resistance to low-temperature cracking than the Type III
asphalt. One type of modified bitumen did not break when
subjected to temperatures as low as —81C (-114F),
whereas specimens of Type 111 asphalt ruptured in the range
of —20to —30C (-4 to —22F).
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Test Strain Modulus, E. Modulus Value
Temperature, T, Rate, R, psi from Eq. (11),
degrees Sec™ psi
(<) (F)
28 (82) 0.0082 709 615
28 (82) 0.0025 613
1 (52 0.0022 1493 1380
11 (52) 0.00043 1110
0.5 (33) 0.0023 2452 2180
0.5 (33) 0.00092 2049
—-17 (1) 0.0024 4296 4070
- 16.5 2) 0.00043 3780
=31 (-24) 0.0026 6146 6100
—31.5 (-25) 0.00044 6117
~40.5 (—41)  0.00043 5648 _
—41 (—42) 0.00042 5919

"The modulus was defined as the slope of a least squares regression
line through the linear portion of the stress-strain curve.

Table I Initial Modulus for MB-I Specimens




TEST CONDITIONS

PROPERTIES AT BREAK

Temperature, T Extension, Strain
degrees Rate, Load, P, (100x)/L.,, Strain, Stress, Energy
Material C (F} R, Sec! ibs. percent € v, psi Density, psit
MEB-1 =17 {(+1) 0.0024 75 46 0.38 600 190
MB-1 165  (+2) 0.00043 56 46 0.38 450 160
MB-1 -131 (—24) 0.0026 154 20 0.18 1020 100
MB-1 -31.5 (-25 0.00044 165 22 0.20 1100 110
MB-I -40.5 (—4D 0.00043 116 16 0.15 730 60
MB-1 —41 {—42) 0.00042 143 19 0.17 920 80
MB-II -19.5 (-3 0.0011 > 71 >330 >1.46 >1550 > 790
MB-II —-19.5 {(—3) 0.0018 > 70 >320 >1.4 >1520 > 790
MB-II -31 {(—24) 0.001t 150 300 1.38 3030 1500
MB-11 -32 (—26) 0.00092 148 310 1.40 3050 1500
MB-I11 - 40 {—40) 0.00086 196 190 1.08 2930 1800
MB-II — 40 {—40) ¢.00084 177 130 (.82 2060 1200
'Strain energies were estimated by measuring the area under each stress-strain curve with a planimeter,
Tabie Il Rupture data of MD-I and MB-II polymer-modified bitumens at cold temperatures
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Natural Logarithm of Relaxation Modulus, E(1), psi
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Figure 5 Relaxation modulus of Type IIT asphalt at various
temperatures (from nomograph [16])
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Figure 4 Stress- strain curves for material MB-If

Figure 6 Relaxation modulus of Type IIl asphalt versus reduced
time
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