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ABSTRACT: The National Research Council of Canada, in collaboration with a Canadian 

roofing manufacturer, conducted an experimental program to evaluate the durability of SBS-

modified bituminous roofing membranes in Canada.  This study examined the effect of heat aging 

on the mechanical and chemical properties of nine commercially available SBS-modified 

membranes, with emphasis on cold temperature performance.  These membranes varied in 

reinforcements and densities, and were selected to be representative of SBS-modified membranes 

currently used in Canada.  The membrane samples were heat aged in convection ovens at 70±3°C 

for six months.  During this process, some samples were withdrawn at two-month intervals and 

their tensile properties at 23°C and -30°C, cold flex temperature and glass transition temperature 

determined.  The results confirmed that heat aging mainly affected matrix-controlled properties of 

the membranes.  In addition, the reinforcement controlled the mechanical properties at 23°C but 

the modified bitumen governed the failure mechanism at  

–30°C for the polyester reinforced membranes. 

 

KEYWORDS: SBS, modified bituminous membrane, durability, tensile, strength, elongation, 

strain energy, low temperature flexibility, cold flex temperature, glass transition temperature, 

failure mechanism, low temperature, cold weather 

 

 

 

Introduction 

 

There is nowhere in Canada where the January design temperature is above freezing 

[1].  Because of our cold weather, it is important that roofing membranes perform well at 

low temperature.  Roofing membranes should remain flexible at low temperature to resist 

stresses experienced on the roofs.  Most single-ply roofing membranes are formulated 

with plasticizers to enhance low temperature flexibility.  Polymer modifiers such as 

styrene-butadiene-styrene (SBS) are added to bitumen to improve elongation and 

flexibility.  SBS-modified bituminous membranes are commonly used in Canada because 

of their low temperature performance. 

1Research Officer, National Research Council, 1200 Montreal Road, Ottawa, ON, K1A 0R6. 
2Industrial Research Fellow, National Research Council, 1200 Montreal Road, Ottawa, ON, K1A 0R6. 
3Research Director, Soprema Inc., 1675 Rue Haggerty, Drummondville, Quebec, J2C 5P7. 

Accelerated weathering is often performed on roof membranes to accelerate the 

effects of natural weathering.  Although changes in physical and chemical properties due 

to accelerated weathering might not directly correlate to those occurring naturally, 

nevertheless, accelerated weathering using techniques such as heat aging, QUV and 

Xenon-arc provides useful information in evaluating the durability of roof membranes.  

Heat aging is probably the most commonly used accelerated weathering technique in 



studying durability of roofing membranes as it can be easily performed in the laboratory.  

Heat aging has been reported to be effective in evaluating the performance of modified 

bituminous membrane [2] and simulating the effects of natural aging [3].  Aging of 

bitumen is believed to be a combination of the migration of the light volatile components 

and the chemical changes produced by the effects of oxygen, energy and water [4].  The 

heat aging process intensifies the chemical changes by increasing the rates of chemical 

reactions involved in the aging process and thus simulates at a faster rate the aging 

mechanisms which occur naturally. 

Puterman et al. [5] measured the tensile properties, the cold flex temperature and the 

water-pressure resistance of various types of roofing membrane which were naturally 

exposed under normal service conditions.  Data on the SBS- and APP-modified 

membranes showed that the exposure hardly affected the properties determined by the 

reinforcement but had a strong effect on the properties that are governed by the 

bitumen/polymer material.  In particular, they reported that the cold flex temperature of a 

SBS-modified bituminous membrane increased by about 12°C after five years of natural 

exposure but the tensile strength and elongation were hardly affected.  The data also 

showed that SBS-modified membranes retained better low-temperature flexibility than 

the APP-modified membranes, after comparable periods of exposure under similar 

service conditions. 

Baxter et al. [6] showed that the tensile strength of five SBS-modified bituminous 

membranes increased and the cold flex temperature of two SBS-modified bituminous 

membranes rose by about 15°C, after heat aging at 80°C for 28 days.  Rodriguez et al. [7] 

studied the effects of heat aging and test temperature on the tensile strength and 

elongation of two APP-modified and two SBS-modified bituminous membranes.  For the 

two SBS-modified membranes, heat aging (80°C for 168 days) did not significantly 

affect the tensile strength at 23°C but it reduced the elongation by 20-40%.  However, 

heat aging reduced the tensile strength of these membranes at –30°C by about 20% and 

increased the elongation by about 60-330%.  They also found that the glass transition 

temperature of these membranes increased by 4 – 8°C. 

This study systematically examined the durability of nine SBS-modified bituminous 

roofing membranes by heat aging.  The primary objective was to quantify the effects of 

heat aging on the physical and mechanical properties of these membranes, with particular 

emphasis on the cold temperature performance.  The membranes were selected to be 

representative of SBS-modified currently used in Canada; therefore, the data reflects the 

current status of SBS-modified membranes in Canada.  A secondary objective was to 

gain a better fundamental understanding of the failure mechanism of SBS-modified 

membranes at low temperature, which is important in improving membrane performance 

for cold weather applications. 

 

Experimental Method 

 

Materials and Heat Aging 

 

Nine commercially available SBS-modified bituminous roofing membrane samples 

were used in this study.  Three rolls were obtained from each of three manufacturers (A, 

B and C) through normal distribution channels.  From the three rolls, one roll was 



reinforced with random short glass fiber mat and the other two with a non-woven 

polyester mat of two different nominal reinforcement densities (180 g⋅m-2
 and 250 g⋅m-2

).  

The top surface of the membranes reinforced with the 180 g⋅m-2
 mat was smooth but that 

of the membranes reinforced with the 250 g⋅m-2
 mat was covered with granules.  The 

glass fiber reinforced membrane was covered with a thin layer of sand.  Table 1 provides 

a summary of the samples used in this study. 

Samples were randomly selected, cut from the rolls and placed in convection ovens at 

70±3°C for six months.  During this process, some of the samples were withdrawn at 

two-month intervals (i.e. 0, 2, 4 and 6 months) for physical and mechanical tests. 

 

Table 1 – Description of the SBS-modified bituminous membranes used in this study. 

 

Sample 

ID 

Manu-

facturer 

Reinforcement 

Type 

Nominal 

Reinforcement 

Density (g⋅m-2
) 

Membrane 

Thickness 

(mm) 

Surface 

Characteristics 

A1 A Glass Not Available 2.1 Sand 

B1 B Glass Not Available 2.2 Sand 

C1 C Glass Not Available 2.0 Sand 

A2 A Polyester 180 3.1 Smooth 

B2 B Polyester 180 3.0 Smooth 

C2 C Polyester 180 3.1 Smooth 

A3 A Polyester 250 4.2 Granules 

B3 B Polyester 250 4.2 Granules 

C3 C Polyester 250 4.3 Granules 

 

Testing 

 

Tensile Properties - The tensile properties were measured according to CGSB-

37.56M Modified Bituminous Membranes for Roofing [8].  The specimens (25 mm X 

150 mm) were cut from the membrane samples, in both machine (MD) and cross-

machine (XD) directions, using a rectangular die in a hydraulic press.  They were tested 

using an Instron 4502 Automated Materials Testing System connected to a computer for 

data recording.  The grip distance was 75 mm.  A minimum of five specimens was tested 

at each condition.  The breaking strength, the elongation at break and the strain energy  to 

ultimate elongation were measured (definitions of these parameters are described in the 

CGSB-37.56M standard). 

For the room temperature tests, the specimens were placed in the hydraulic grips and 

pulled at a constant crosshead speed of 50 mm⋅min
-1

.  A 1-kN load cell was used to 

monitor the applied load.  For the tests performed at –30°C, the specimens were pre-

cooled at –30°C in a laboratory freezer overnight.  An Instron environmental chamber 

with liquid nitrogen cooling was used to maintain the cold temperature of the specimens 

during testing.  The specimens were pulled at a constant crosshead speed of 10 mm⋅min
-1

.  

A 10-kN load cell was used to monitor the applied load.  Because hydraulic grips could 

not be used at the low temperatures, the specimen ends were sandwiched between a pair 

of specially designed tabs that could be tightened with two screws.  This specimen-tab 

assembly was slid into an accompanying fixture (Figure 1) which was mounted in the 



testing machine.  The specimens were allowed to equilibrate in the environmental 

chamber at –30°C for at least 5 minutes before testing. 

 

PIN CONNECTOR
TO UPPER GRIP

TEST FIXTURE

SLOT WIDTH
ADJUSTMENT

PIN CONNECTOR
TO LOWER GRIP

SPECIMEN

TAB

 

Figure 1 – Loading assembly for tensile tests at cold temperatures. 

 

Low Temperature Flexibility - The low temperature flexibility was determined 

according to ASTM D 5147-97 Standard Test Methods for Sampling and Testing 

Modified Bituminous Sheet Material.  The specimens (25 mm X 150 mm) were cut from 

the membrane samples, in both machine (MD) and cross-machine (XD) directions, using 

a rectangular die in a hydraulic press.  A minimum of five specimens was cut from each 

of the control and heat-aged membranes in both MD and XD directions.  The specimens 

and the mandrel (25 mm in diameter) were allowed to equilibrate in an upright freezer, at 



the test temperature, for three hours before testing.  The specimen was bent 180±5° 

around the mandrel at the test temperature in 2 ± 1 s.  If a crack was observed in any of 

the five specimens, the test temperature was increased by 3°C; however, if no crack was 

observed in any of the specimens, the test temperature was decreased by 3°C.  The 

specimens and the mandrel were allowed to equilibrate for another 30 minutes after the 

freezer reached the new test temperature before the next round of testing.  The test 

temperature was adjusted until the lowest temperature at which none of the specimens 

showed any visual signs of cracking was determined, and this temperature was recorded 

as the cold flex temperature (TCF). 

Glass Transition Temperature - The glass transition temperature of the samples was 

measured according to the ASTM D6382-99 Standard Practice for Dynamic Mechanical 

Analysis and Thermogravimetry of Roofing and Waterproofing Membrane Material and 

D5418-99 Standard Test Method for Plastics: Dynamic Mechanical Properties: in Flexure 

(Dual Cantilever Beam) using a dynamic mechanical thermal analyzer Rheometrics 

Scientific Solids Analyzer RSA II.  The control and heat-aged membranes were cut in the 

machine direction (3 mm X 37 mm) and tested in the dual cantilever mode.  The granules 

on the top surface of the membranes were removed as much as possible.  A fixed 

oscillation frequency of 1 Hz and a heating rate of 2°C⋅min
-1

in the range of –80°C to 

30°C were used.  The instrument measured the storage modulus (E') and the loss modulus 

(E") of the specimen.  The glass transition temperature was obtained for the maximum in 

the loss modulus (E") versus temperature curve.  At least two specimens were tested for 

each sample. 

 

Results and Discussion 

 

Tensile Properties 

 

Force-Displacement Curves - Typical force-displacement curves recorded by the 

Instron testing machine are shown in Figures 2a, 3a and 4a.  For the glass fiber reinforced 

membranes (A1, B1 and C1), the specimens generally failed abruptly in the elastic region 

with a single crack (Figure 2a).  For Sample A1 tested at 23°C, the bituminous matrix 

was flexible and stretched a great deal after the reinforcement was broken.  However, the 

bituminous matrix lost this flexibility at –30 °C and the specimen failed with a clean 

single crack.  There was a distinct “knee” on the force-displacement curve of Sample C1 

tested at –30°C where the modulus (slope of the curve) changed.  This could be due to 

the change in modulus at matrix yield (more significant at low temperature) or change in 

reinforcement structure (e.g. fiber sliding). 

The polyester reinforced membranes had much higher elongation at break than those 

reinforced with glass fiber due to the high elongation characteristics of the polymeric 

reinforcement (Figures 3a and 4a).  The membrane behaved in an elastic-plastic manner 

with a change in modulus at the yield point, at both 23°C and –30°C.  Heat aging did not 

affect the maximum tensile strength but it decreased the elongation considerably at 23°C.  

All membranes reinforced at 250 g⋅m-2
 (A3, B3 and C3) failed with a single crack but 

some of those reinforced at 180 g⋅m-2
 (A2, B2 and C2) did not.  The control of Sample 

A2 failed with a single crack at -30°C after being extended to 25 mm but the heat-aged 

specimens failed after extending to only about 5 mm.  Several small cracks were 
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Figure 2a – Typical tensile force-displacement curves of SBS-modified membranes 

(reinforced with random short glass fiber mat). 
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Figure 2b – Effects of heat aging on the tensile properties of SBS-modified membranes 

(reinforced with random short glass fiber mat). 
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Figure 3a – Typical tensile force-displacement curves of SBS-modified membranes 

(reinforced with polyester mat at 180 g⋅m-2
). 
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Figure 3b – Effects of heat aging on the tensile properties of SBS-modified membranes 

(reinforced with polyester mat at 180 g⋅m-2
). 
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Figure 4a – Typical tensile force-displacement curves of SBS-modified membranes 

(reinforced with polyester mat at 250 g⋅m-2
). 
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Figure 4b – Effects of heat aging on the tensile properties of SBS-modified membranes 

(reinforced with polyester mat at 250 g⋅m-2
). 

 



 observed to form on the heat-aged bituminous matrix of Sample A2 at –30°C before it 

fractured.  For Sample C2, multiple small cracks were observed to form and grow on the 

bituminous matrix, and final fracture occurred at one of the larger cracks. 

Effect of Heat Aging - The tensile properties of the membranes at different test 

temperatures and aging periods are summarized in Tables 2-4 and Figures 2b, 3b and 4b.  

The values reported are the average and standard deviation of at least five specimens.  

For the glass fiber reinforced membranes (A1, B1 and C1), heat aging did not affect the 

breaking strength but reduced the elongation at break and the strain energy slightly 

(Figure 2b).  Samples A1 was affected most by the heat aging: its strain energy dropped 

by about 60% at 23°C and 40% at –30°C.  Sample C1 was least affected. 

For the polyester reinforced membranes (A2, B2, C2, A3, B3 and C3), heat aging did 

not affect the breaking strength of the membranes at 23°C but it reduced the elongation at 

break by as much as 35% (Figures 3b and 4b).  The reduction in elongation was more 

severe in the membranes containing less reinforcement: 20 to 35% for the 180 g⋅m-2
 

compared to 0 to 25% for the 250 g⋅m-2
 over six months of heat aging.  Because of the 

reduced elongation, the strain energy was also decreased accordingly (15-35% for the 

180 g⋅m-2
 and 0-25% for the 250 g⋅m-2

 over six months).  Note that the elongation at 

break and strain energy of Sample A2 at –30°C was reduced significantly after heat aging 

due to the change in failure mode as shown by the force-displacement curves. 

The effects of heat aging (reduction in elongation and strain energy) were generally 

more prominent at –30°C.  This is because the matrix shared a larger portion of the load 

at low temperature and governed the elongation of the membrane at low temperature, and 

heat aging mainly affected matrix-controlled properties (this will be discussed in the next 

section).  As with the 23°C data, the reduction in elongation was more pronounced in the 

membranes containing less reinforcement (20-70% for the 180 g⋅m-2
 and 0-30% for the 

250 g⋅m-2
 over six months).  It is interesting to note that, within experimental errors, the 

tensile properties (strength, elongation and strain energy) of Sample A3 were hardly 

affected by six months of heat aging, indicating its stability. 

Effects of Temperature on Failure Mechanism - A roofing membrane is a composite 

material with a multi-layer structure in which a reinforcement is embedded in a matrix.  

The reinforcement bears the load and the matrix binds the reinforcement together and 

allows stress transfer between the two components.  For example, with the polyester 

reinforced membranes in this study, the non-woven polyester mat is the reinforcement 

and the modified bitumen is the matrix.  The failure of the membrane can be described by 

the mechanics of composite materials.  Rule of Mixture (ROM) describes the strength of 

a composite material with aligned, continuous fibers [9] in the direction along the fibers: 

 

σc = (Vf⋅Ef + Vm⋅Em) εc     (1) 

where 

σc = composite stress (N⋅m-2
) 

Ef = fiber modulus (N⋅m-2
) 

Em = matrix modulus (N⋅m-2
) 

Vf = fiber volume fraction (dimensionless) 

Vm = matrix volume fraction (dimensionless) 

εc = composite strain (dimensionless) 

 



 

Table 2 – Effects of heat aging on the tensile breaking strength. 

 

Breaking Strength
*
 (kN⋅m-1

) after heat aging at 70°C for: Test 

Temp. 

Sample 

ID 

Test 

Dir. 0 month 2 months 4 months 6 months 

MD 10.5 ± 1.4 12.9 ± 1.1 14.4 ± 0.7 14.5 ± 3.4 
A1 

XD 9.6 ± 1.1 11.5 ± 1.1 11.7 ± 0.7 11.9 ± 1.2 

MD 11.7 ± 1.1 15.9 ± 1.5 18.0 ± 1.4 13.8 ± 0.6 
B1 

XD 8.1 ± 1.0 10.1 ± 1.3 10.5 ± 1.2 8.1 ± 1.0 

MD 18.3 ± 1.0 19.8 ± 2.1 20.0 ± 1.5 21.5 ± 3.3 
C1 

XD 11.6 ± 2.4 14.5 ± 2.5 15.7 ± 1.6 15.4 ± 1.5 

MD 17.1 ± 2.1 18.8 ± 0.8 17.3 ± 1.3 16.5 ± 0.7 
A2 

XD 12.0 ± 0.8 13.5 ± 0.9 12.4 ± 0.7 11.4 ± 0.8 

MD 18.3 ± 0.7 19.1 ± 1.4 19.1 ± 0.4 19.0 ± 0.9 
B2 

XD 11.9 ± 0.6 12.8 ± 1.2 14.7 ± 0.8 12.5 ± 1.0 

MD 18.6 ± 1.0 19.7 ± 2.0 19.3 ± 1.3 17.5 ± 1.1 
C2 

XD 11.9 ± 0.8 13.5 ± 0.8 13.6 ± 0.9 12.3 ± 0.7 

MD 25.0 ± 1.9 27.7 ± 2.8 25.7 ± 0.6 24.4 ± 1.5 
A3 

XD 17.7 ± 0.8 18.3 ± 1.6 18.8 ± 0.9 16.8 ± 0.5 

MD 20.5 ± 1.6 20.4 ± 1.8 22.0 ± 2.5 22.6 ± 1.1 
B3 

XD 17.2 ± 0.8 16.9 ± 1.5 17.2 ± 0.7 17.6 ± 0.5 

MD 25.7 ± 1.6 26.2 ± 1.4 25.5 ± 2.7 23.7 ± 1.9 

23°C 

C3 
XD 19.1 ± 1.4 19.3 ± 1.4 19.0 ± 0.7 17.3 ± 0.7 

MD 33.7 ± 4.2 30.1 ± 3.4 34.1 ± 2.0 27.9 ± 1.4 
A1 

XD 31.3 ± 1.6 25.3 ± 2.0 27.8 ± 2.6 25.6 ± 0.8 

MD 32.1 ± 3.6 30.9 ± 3.3 29.8 ± 4.7 31.1 ± 3.7 
B1 

XD 22.3 ± 1.5 20.6 ± 1.4 24.9 ± 2.9 21.6 ± 2.3 

MD 31.3 ± 2.5 29.2 ± 3.2 32.1 ± 1.5 30.8 ± 3.9 
C1 

XD 20.6 ± 1.9 21.4 ± 1.8 20.9 ± 1.9 22.5 ± 1.2 

MD 27.4 ± 1.0 27.8 ± 1.2 26.7 ± 0.9 20.2 ± 1.5 
A2 

XD 22.2 ± 0.2 19.8 ± 0.8 20.5 ± 1.4 16.2 ± 0.6 

MD 35.0 ± 0.8 30.6 ± 1.6 29.6 ± 0.8 27.5 ± 1.3 
B2 

XD 26.3 ± 1.0 21.1 ± 1.2 22.4 ± 1.0 20.6 ± 0.5 

MD 17.9 ± 1.8 17.9 ± 1.3 19.4 ± 1.0 18.2 ± 1.5 
C2 

XD 13.8 ± 1.4 13.9 ± 1.2 13.5 ± 0.8 13.3 ± 1.1 

MD 28.5 ± 1.1 28.2 ± 1.5 27.8 ± 1.9 28.8 ± 1.3 
A3 

XD 21.7 ± 1.1 20.2 ± 1.0 19.9 ± 1.1 20.4 ± 0.7 

MD 42.1 ± 3.9 35.3 ± 1.1 38.4 ± 3.3 33.3 ± 3.4 
B3 

XD 30.5 ± 0.8 24.8 ± 1.6 24.9 ± 0.7 25.2 ± 2.5 

MD 36.8 ± 3.6 31.7 ± 1.0 32.4 ± 1.5 30.0 ± 1.3 

-30°C 

C3 
XD 23.6 ± 1.0 23.1 ± 0.8 22.9 ± 1.9 21.5 ± 0.8 

*
 average ± standard deviation of at least 5 specimens 

 



 

Table 3 – Effects of heat aging on the tensile elongation at break. 

 

Elongation at Break
*
 (%) after heat aging at 70°C for: Test 

Temp. 

Sample 

ID 

Test 

Dir. 0 month 2 months 4 months 6 months 

MD 4.1 ± 0.5 3.7 ± 0.6 3.8 ± 0.2 3.3 ± 0.3 
A1 

XD 4.0 ± 0.1 3.5 ± 0.3 3.7 ± 0.2 3.3 ± 0.1 

MD 4.4 ± 0.3 3.8 ± 0.2 3.9 ± 0.2 3.4 ± 0.2 
B1 

XD 4.0 ± 0.4 3.5 ± 0.5 3.7 ± 0.2 3.8 ± 0.3 

MD 4.4 ± 0.2 3.8 ± 0.4 3.9 ± 0.2 3.7 ± 0.3 
C1 

XD 4.3 ± 0.4 3.9 ± 0.4 3.9 ± 0.4 3.4 ± 0.3 

MD 77.7 ± 1.2 69.4 ± 7.2 69.7 ± 5.1 61.2 ± 9.1 
A2 

XD 79.6 ± 8.9 70.6 ± 6.2 65.3 ± 2.9 58.7 ± 6.9 

MD 58.7 ± 1.7 51.4 ± 1.2 45.9 ± 1.4 46.9 ± 1.6 
B2 

XD 72.6 ± 5.1 69.0 ± 4.5 66.9 ± 4.3 59.5 ± 3.4 

MD 70.8 ± 4.6 56.9 ± 6.1 56.1 ± 3.7 46.1 ± 2.6 
C2 

XD 65.3 ± 10.3 55.4 ± 6.2 56.8 ± 5.6 45.2 ± 4.4 

MD 78.2 ± 3.9 69.9 ± 3.0 69.6 ± 5.3 70.7 ± 5.5 
A3 

XD 77.1 ± 3.9 69.9 ± 5.9 72.1 ± 3.8 72.3 ± 3.8 

MD 40.8 ± 1.5 39.3 ± 1.8 40.6 ± 1.6 41.9 ± 1.0 
B3 

XD 60.7 ± 2.6 54.8 ± 2.4 54.7 ± 2.0 55.5 ± 2.3 

MD 76.2 ± 4.8 63.1 ± 3.4 58.9 ± 5.0 57.3 ± 5.9 

23°C 

C3 
XD 81.8 ± 5.9 66.5 ± 6.6 67.4 ± 3.1 68.3 ± 6.9 

MD 3.8 ± 0.4 3.5 ± 0.6 3.6 ± 0.2 2.8 ± 0.2 
A1 

XD 4.2 ± 0.2 3.3 ± 0.3 3.2 ± 0.3 2.8 ± 0.1 

MD 4.0 ± 0.2 4.2 ± 0.4 3.6 ± 0.5 4.1 ± 0.2 
B1 

XD 3.9 ± 0.4 4.4 ± 0.3 4.0 ± 0.3 4.0 ± 0.3 

MD 3.5 ± 0.3 3.9 ± 0.1 3.8 ± 0.2 3.7 ± 0.2 
C1 

XD 3.3 ± 0.3 3.8 ± 0.3 3.5 ± 0.2 3.4 ± 0.2 

MD 31.1 ± 3.7 11.9 ± 2.1 13.0 ± 1.5 10.1 ± 0.9 
A2 

XD 18.4 ± 1.1 12.9 ± 1.2 12.4 ± 0.6 11.8 ± 1.4 

MD 42.7 ± 3.1 33.3 ± 4.4 28.2 ± 1.9 24.2 ± 4.3 
B2 

XD 41.4 ± 5.4 29.1 ± 8.5 33.7 ± 4.2 28.6 ± 5.3 

MD 14.8 ± 6.9 14.0 ± 5.4 17.3 ± 3.8 11.9 ± 7.8 
C2 

XD 23.3 ± 5.8 17.1 ± 7.0 10.7 ± 5.4 14.4 ± 6.5 

MD 21.0 ± 4.1 28.2 ± 4.9 24.5 ± 4.4 27.9 ± 2.2 
A3 

XD 25.7 ± 3.0 23.6 ± 4.0 20.6 ± 8.1 24.2 ± 3.9 

MD 32.6 ± 1.3 26.2 ± 2.5 26.8 ± 2.8 23.4 ± 4.1 
B3 

XD 32.6 ± 5.6 22.8 ± 4.4 17.1 ± 4.4 24.1 ± 7.1 

MD 38.2 ± 4.5 34.4 ± 4.0 35.0 ± 4.5 27.4 ± 3.5 

-30°C 

C3 
XD 25.3 ± 3.3 20.8 ± 7.0 23.2 ± 8.3 21.7 ± 3.8 

*
 average ± standard deviation of at least 5 specimens 

 



Table 4 – Effects of heat aging on the tensile strain energy. 

 

Strain Energy
*
 (kN⋅m-1

) after heat aging at 70°C for: Test 

Temp. 

Sample 

ID 

Test 

Dir. 0 month 2 months 4 months 6 months 

MD 0.77 ± 0.14 0.52 ± 0.11 0.49 ± 0.05 0.32 ± 0.08 
A1 

XD 0.73 ± 0.10 0.44 ± 0.10 0.39 ± 0.04 0.27 ± 0.04 

MD 0.86 ± 0.07 0.47 ± 0.09 0.42 ± 0.03 0.28 ± 0.03 
B1 

XD 0.73 ± 0.14 0.38 ± 0.05 0.34 ± 0.03 0.24 ± 0.03 

MD 0.46 ± 0.04 0.41 ± 0.09 0.40 ± 0.04 0.42 ± 0.08 
C1 

XD 0.44 ± 0.02 0.35 ± 0.07 0.35 ± 0.06 0.30 ± 0.04 

MD 9.73 ± 1.02 10.10 ± 1.08 9.43 ± 0.91 8.08 ± 1.30 
A2 

XD 8.01 ± 1.10 7.83 ± 0.89 6.68 ± 0.54 5.67 ± 0.97 

MD 9.33 ± 0.76 7.50 ± 0.78 6.76 ± 0.35 6.98 ± 0.65 
B2 

XD 7.29 ± 0.81 6.98 ± 0.93 7.72 ± 0.80 5.98 ± 0.52 

MD 10.21 ± 1.19 8.76 ± 1.73 8.53 ± 0.93 6.74 ± 0.76 
C2 

XD 6.58 ± 1.17 6.30 ± 0.99 6.52 ± 0.84 4.95 ± 0.62 

MD 14.00 ± 1.59 14.34 ± 1.87 13.39 ± 1.23 13.07 ± 1.52 
A3 

XD 9.85 ± 0.63 9.77 ± 1.49 10.29 ± 0.68 9.41 ± 0.67 

MD 6.81 ± 0.61 6.10 ± 0.58 6.72 ± 0.86 7.09 ± 0.35 
B3 

XD 8.33 ± 0.62 7.39 ± 0.64 7.30 ± 0.56 7.48 ± 0.55 

MD 14.17 ± 1.54 12.28 ± 1.13 11.53 ± 1.99 10.64 ± 2.11 

23°C 

C3 
XD 11.73 ± 1.42 10.16 ± 1.54 10.54 ± 0.60 9.58 ± 1.54 

MD 0.77 ± 0.16 0.63 ± 0.22 0.75 ± 0.07 0.49 ± 0.07 
A1 

XD 0.79 ± 0.09 0.49 ± 0.10 0.56 ± 0.10 0.46 ± 0.03 

MD 0.77 ± 0.12 0.76 ± 0.15 0.66 ± 0.19 0.73 ± 0.10 
B1 

XD 0.58 ± 0.10 0.55 ± 0.07 0.64 ± 0.09 0.53 ± 0.09 

MD 0.66 ± 0.08 0.63 ± 0.08 0.72 ± 0.06 0.69 ± 0.09 
C1 

XD 0.43 ± 0.05 0.47 ± 0.07 0.45 ± 0.06 0.49 ± 0.04 

MD 8.07 ± 0.79 2.46 ± 0.64 2.41 ± 0.37 1.22 ± 0.11 
A2 

XD 4.37 ± 0.69 1.37 ± 0.16 1.39 ± 0.24 1.03 ± 0.24 

MD 12.30 ± 1.15 8.57 ± 1.54 7.10 ± 0.57 6.00 ± 1.18 
B2 

XD 9.41 ± 1.44 5.66 ± 1.78 6.87 ± 0.92 5.37 ± 1.07 

MD 3.02 ± 1.26 2.67 ± 0.77 3.43 ± 0.61 2.66 ± 1.35 
C2 

XD 2.67 ± 1.14 2.67 ± 0.55 1.99 ± 0.53 2.20 ± 0.77 

MD 5.97 ± 0.92 7.40 ± 1.28 6.56 ± 1.18 7.50 ± 0.61 
A3 

XD 3.67 ± 1.30 4.79 ± 0.92 4.34 ± 1.48 4.94 ± 0.64 

MD 10.71 ± 0.83 8.13 ± 0.76 8.51 ± 1.24 6.55 ± 1.61 
B3 

XD 8.63 ± 1.36 5.26 ± 1.20 4.14 ± 0.91 5.60 ± 1.51 

MD 12.64 ± 2.18 10.12 ± 1.32 10.28 ± 1.41 7.87 ± 1.13 

-30°C 

C3 
XD 6.62 ± 0.54 5.09 ± 1.42 6.36 ± 1.97 5.24 ± 0.94 

*
 average ± standard deviation of at least 5 specimens 

 



In commercial production, the fibers might not be aligned or continuous (e.g 

randomly oriented short fiber mat) and the strength of the composite usually reaches only 

a fraction of the rule of mixture strength [10].  The Rule of Mixture can be modified by 

taking the fiber orientation and length into account: 

σc = (χ1 χ2Vf⋅Ef + Vm⋅Em) εc     (1a) 

where 

χ1 = fiber orientation factor (dimensionless) 

χ2 = fiber length factor (dimensionless) 

 

Both factors are less than or equal to unity.  χ1 is less than one when the fibers are 

aligned at an angle to the loading axis, and becomes unity when all fibers are aligned to 

the loading axis.  Similarly, χ2 is less than one when the fibers are short, and becomes 

unity when the fiber length is long and continuous (above the critical aspect ratio [9]). 

At 23°C, the modulus of the polyester reinforcement was much higher than that of the 

modified bitumen (i.e. Ef>>Em).  Therefore, the polyester fibers bore most of the load 

exerted on the membrane.  The membrane failed when the polyester mat broke (i.e. 

εc=εfu).  In this situation, equation (1a) becomes: 

 

σcu = χ1 χ2Vf⋅σfu      (2) 

where 

σcu = failure strength of composite (N⋅m-2
) 

εfu = failure strain of fiber (dimensionless) 

σfu = failure strength of fiber (N⋅m-2
) 

 

Since the polyester mat governed the tensile properties of the membrane at 23°C, as 

described by equation (2), improvement of mechanical performance of the membrane at 

room temperature can be achieved by using good quality polyester fiber (high strength 

and elongation properties) and/or increasing the amount of reinforcement. 

In the roofing industry, the strength of the membrane containing reinforcement is 

generally expressed in force per unit length (N⋅m-1
) because the membrane is always 

installed in plys.  We can rewrite equation (2): 

 

Scu = χ1 χ2af⋅σfu /ρf       (2a) 

where 

Scu = membrane strength per unit length (N⋅m-1
) 

af = aeral reinforcement density (g⋅m-2
) 

ρf = volumetric reinforcement density (g⋅m-3
) 

 

Equation (2a) indicates that Scu is proportional to af, i.e., the strength of the membrane 

increases with the amount of reinforcement given that the same type of reinforcement is 

used.  The strength ratio of the membranes reinforced at 180 g⋅m-2
and 250 g⋅m-2

 of 

polyester mat were computed (i.e. strength of Sample A2 / strength of Sample A3) for 

each manufacturer (A, B and C) at both loading directions (MD and XD).  The overall 

ratio was determined to be 0.74±0.08.  This experimental value corresponded well with 

the theoretical strength ratio of 0.72 (180/250). 



As the test temperature dropped, the modulus of the modified bitumen increased and 

the matrix began to carry an increasing proportion of the load exerted on the membrane 

(Vm⋅ Em⋅εc).  Since the reinforcement and the matrix bore the load together, the strength 

of the membrane at –30°C was higher than that at 23°C.  However, the ultimate 

elongation of the matrix reduced greatly as the temperature dropped.  When the matrix 

started to crack (i.e. εc=εmu<εfu), equation (1) becomes: 

 

mummff21c )εEVEVχ(χσ +=  

muf

mu

ff21c σV
ε

|σVχχσ +=      (3) 

 

where 

mu

f ε
|σ

 

= fiber stress at matrix failure (N⋅m-2
) 

εmu = failure strain of matrix (dimensionless) 

σmu = failure strength of matrix (N⋅m-2
) 

 

When the matrix fractures, the reinforcement suddenly has to bear the load 

transferred from the matrix.  If this stress (σc) in equation (3) is greater than the stress the 

fibers can bear (Vf⋅σfu), the membrane fails; otherwise, the fiber will continue to bear the 

load until the fibers break.  Experimental evidence confirmed that cracks were observed 

in the matrix before the membrane fractured, i.e. εmu<εfu.  From a waterproofing point of 

view, the membrane should be considered as failed at this point as it is no longer 

watertight.  Therefore, the matrix properties governed the performance of the polyester 

reinforced membranes at –30°C. 

The difference in the force-displacement curves of the samples reinforced with 

180 g⋅m-2
 non-woven polyester mats (Samples A2, B2 and C2) tested at –30°C further 

illustrated the important role of modified bitumen in membranes at low temperatures.  

The shapes of the force-displacement curves were markedly different because of different 

failure mechanisms.  Samples A2 and B2 failed from the formation of a few deep cracks 

and sudden failure of the reinforcing mat.  On the other hand, Samples C2 failed from 

one of the larger cracks which initiated from the multiple shallow cracks.  Since the 

samples were reinforced by similar mats and at the same reinforcing density, it is evident 

that the modified bitumen governed failure mechanisms of the membrane at this 

temperature.  Therefore, it is important to use modified bitumen with superior low 

temperature properties to achieve good low temperature performance in the membranes 

intended for cold weather use. 

For the glass fiber reinforced membranes (A1, B1 and C1), the failure strain of the 

glass fiber reinforcement was lower than that of the bituminous matrix (i.e. εfu<εmu) at 

both test temperatures.  It is evident from the Figure 2a and Table 3 that the elongation at 

break was about 4% at both 23°C and –30°C, as the breaking strain of the glass mat is not 

expected to be affected by test temperature.  Therefore, the reinforcement controlled the 

failure of the membrane (i.e. εc=εfu).  Equation (1) becomes: 



 

σcu = (χ1 χ2Vf⋅Ef + Vm⋅Em) εfu     (4) 

 

At 23°C, the modulus of the glass fiber reinforcement was much higher than the 

bituminous matrix (Ef>>Em).  Therefore, equation (4) is reduced to equation (2).  The 

glass fibers bore most of the load exerted on the membrane and the membrane failed 

when the fiber broke. 

However, as the test temperature dropped, the modulus of the modified bitumen 

increased and it began to carry an increasing proportion of the load exerted on the 

membrane (Vm⋅ Em⋅εc) so the strength of the membrane increased.  This is similar to the 

polyester reinforcement.  However, although the ultimate elongation of the matrix was 

greatly decreased when the temperature dropped to –30°C, the failure strain of the glass 

fiber mat was still lower (i.e. εfu<εmu).  This is evident from the fact that the elongation at 

break of the membrane (strain at which the glass fiber mat broke) remained at 4% at both 

test temperatures.  Therefore, equation (4) becomes: 

 

fu

mmfuf21c ε
|σVσVχχσ +=      (4a) 

 

where 

fu

m ε
|σ

 

= matrix stress at fiber failure (N⋅m-2
) 

 

Experimental observations showed that the tensile elongation of the glass fiber 

reinforced membranes at both test temperatures were controlled mainly by the glass fiber 

reinforcement.  However, the matrix carried a significant proportion of the load at low 

temperature, i.e. Vm

fu

m ε
|σ .  To improve the strength of the membrane, one should focus 

on enhancing both the glass fiber reinforcement mat and the bituminous matrix.  The 

reinforcement can be improved by increasing the fiber length (depending on the critical 

aspect ratio), rising the amount of reinforcement (Vf or af) or using a reinforcing cloth.  

Bitumen with high modulus at low temperature can also help to improve the strength of 

the membrane. 

 

Low Temperature Flexibility and Glass Transition Temperature 

 

The glass transition temperature (Tg) of the nine SBS-modified bituminous samples is 

shown in Table 5 and Figure 5.  The lines in the figure were drawn to highlight the trends 

and do not have any statistical significance.  The Tg of the control samples ranged from  

–48°C to –37°C.  After six months of heat aging, the Tg increased to –43°C to –34°C.  

The change in Tg after six months of aging was less than +8°C.  Although Sample C1 has 

the highest increase in Tg of +8°C, its Tg after six months of heat aging was –40°C, which 

remained low compared to the other samples. 



Table 5 – Effects of heat aging on the glass transition temperature. 

 
Glass Transition Temperature

*
 (°C) after heat aging at 70°C for: Sample 

ID 0 month 2 months 4 months 6 months 

A1 -40 -42 -37 -34 

B1 -40 -43 -40 -38 

C1 -48 -50 -45 -40 

A2 -40 -43 -39 -35 

B2 -42 -45 -43 -40 

C2 -37 -40 -39 -39 

A3 -45 -46 -42 -38 

B3 -41 -39 -39 -37 

C3 -46 -49 -47 -43 
*
 average of at least 2 specimens, measurement error is ±2°C 

 

Bitumen has a glass transition temperature around –30°C [7].  The Tg  (around –40°C) 

of the nine samples confirmed that SBS was effective in improving flexibility of the 

bitumen at low temperature.  The glass transition temperature is affected by many factors 

such as the chemical composition and structure, molecular weight and intermolecular 

interactions of the polymer.  The small change in Tg showed that the chemical properties 

of the SBS-modified bitumen in the samples did not seem to be significantly affected by 

heat aging.  However, dynamic mechanical analysis might not pick up certain changes in 

molecular weight distribution in the modified bitumen.  Gel Permeation Chromatography 

(GPC) analysis would provide such information and complement results from dynamic 

mechanical analysis.  Analysis using GPC is recommended on the heat-aged samples in 

further study. 

The cold flex temperature (TCF) of the nine SBS-modified bituminous samples is 

shown in Table 6 and Figure 6.  The TCF of all samples increased after heat aging, with 

increases ranging from +3°C to +19°C.  Most of the control samples had low TCF (below 

–30°C) except for Samples A2 and C2.  The TCF of Sample C2 increased from about –

10°C to -2°C (an average of –4°C in MD and +1°C in XD) – an increase of 8°C after six 

months of heat aging.  The TCF of Sample A2 increased from about -27°C to –10°C after 

six months of heat aging.  This increase of 17°C was among the highest out of all 

samples tested. 

Comparing Figures 5 and 6, TCF and Tg showed similar trends of membrane  

flexibility with respect to heat aging although their actual values were quite different.  

TCF measures membrane flexibility on a macroscopic level - the resistance to crack 

formation of the matrix under flexural load.  Tg measures membrane flexibility on a 

microscopic level – the change in loss modulus under flexural load.  Since TCF and Tg 

measure different parameters for flexibility, they are affected by different factors in the 

membranes.  Therefore, it was anticipated that the data might not show a direct 

correlation between TCF and Tg. 

It should also be noted that the TCF of the two heat-aged samples, Samples C2 and 

A2, were high (–2°C and –10°C for Samples C2 and A2, respectively) but their Tg 

remained low (–39°C and –35°C for Samples C2 and A2, respectively).  The cold flex 

temperature is affected by factors such as the thickness of the matrix, the chemical 



composition/structure of the modified bitumen, the type and amount of filler (e.g. 

limestone), and the bond strength between the filler and the bitumen.  One possible 

explanation is that these two samples contained either an inappropriate amount of filler or 

filler which was not compatible with the bituminous matrix (this is consistent with 

observation that multiple shallow cracks were formed under tension at –30°C).  The filler 

in the modified bitumen may reduce the TCF but does not affect the Tg. 
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Figure 5 – Effects of heat aging on the 

glass transition temperature of SBS-

modified membranes. 

 Figure 6 – Effects of heat aging on the 

cold flex temperature of SBS-modified 

membranes. 

 



Table 6 – Effects of heat aging on the cold flex temperature. 

 

Cold Flex Temperature (°C) after heat aging at 70°C for: Sample 

ID 

Test 

Dir. 0 month 2 months 4 months 6 months 

MD -34 -34 -27 -24 
A1 

XD -34 -37 -27 -24 

MD -34 -40 -37 -27 
B1 

XD -34 -37 -37 -27 

MD -52 -47 -30 -39 
C1 

XD -46 -43 -30 -33 

MD -27 -24 -25 -10 
A2 

XD -27 -20 -20 -10 

MD -34 -34 -30 -23 
B2 

XD -34 -34 -30 -23 

MD -10 -7 -4 -4 
C2 

XD -10 -4 -1 +1 

MD -30 -14 -17 -14 
A3 

XD -30 -14 -17 -14 

MD -30 -27 -24 -14 
B3 

XD -30 -20 -20 -11 

MD -30 -40 -30 -27 
C3 

XD -30 -30 -30 -24 

 

Conclusions and Recommendations 

 

1. Heat aging affected matrix-controlled properties such as elongation and strain energy 

but hardly affected the reinforcement-controlled properties such as breaking strength. 

2. The heat aging effects on stress/strain was more pronounced at –30°C and in 

membranes containing less reinforcement. 

3. The glass fiber mat controlled the tensile strength of the membrane at 23°C but the 

matrix contributed a significant portion to the strength of the membrane at –30°C.  

The glass fiber mat controlled the tensile elongation of the membrane at both 

temperatures. 

4. The polyester reinforcement controlled the tensile properties of the membrane at 

23°C but the matrix properties governed the membrane performance at –30°C. 

5. The low glass transition temperature (around –40°C) of the membranes before and 

after heat aging indicated that the SBS-modified membranes were suitable for cold 

weather application and not affected significantly by heat aging. 

6. The cold flex temperature of the membranes increased by 3°C to 19°C after six 

months of heat aging.  The samples that had high cold flex temperature also 

experienced high reduction in elongation after heat aging.  This is a direct indicator of 

the changes in the bitumen matrix during aging. 

7. Since heat aging affects matrix-controlled properties, which governs the membrane 

performance at low temperature, it is important to use high quality modified bitumen 

in order to manufacture durable membrane for cold weather application. 
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