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ABSTRACT: In designing with geosynthetics, the interface friction between geosynthetic and surrounding
soil is a critical parameter. The interface friction is temperature dependent, and unfortunately, this is not taken
into consideration during the design of most projects. The interface resistance, in addition to several other
factors, is affected by the surface hardness of the geosynthetic material. A study was undertaken to investigate 
the effect of temperature change on the hardness of geosynthetic materials made from polyethylene and
polyvinyl chloride. The hardness of these materials was measured at different temperatures and correlations 
between temperature and hardness were developed. Using the correlations developed during this study and 
correlations between hardness and interface friction published earlier, a general model for interface friction
properties is developed, in which interface friction angle and frictional resistance are related to the 
temperature of the polymer. The temperature effect on the performance of geosynthetics and importance of its
consideration in the design process are discussed. 

1 INTRODUCTION

Geosynthetic materials have found widespread use 
in civil engineering projects over the years and use 
of these materials in new applications continues to 
grow. Because of their widespread applications, it is 
important to understand the behavior of these 
materials under varying environmental conditions. 
Various properties of geosynthetics, as they are 
made from polymers, are sensitive to changes in 
temperature. Considerable efforts have been made 
by plastic manufacturers, researchers, and 
professional societies to develop temperature 
dependent behavior of polymeric materials. 

There have been numerous research performed to 
study the interface shear properties of polymers (e.g., 
Martin et al. 1984, Saxena and Wong 1984, 
Williams and Houlihan 1987, O’Rourke and 
Druschel 1989, O’Rourke et al. 1990) establishing a 
range of interface shear characteristics for polymers. 
These studies indicated that some polymers have 
relatively low angles of interface friction angle. 

Interface shear between soil and polymers is a 
critical factor in the performance of structures buried 
in the ground. In plastic piping, for example, the 
interface shear affects the longitudinal forces 
conveyed along the pipe to anchors, tie-ins, and 
special connections. In landfills, reservoirs, and 
canals with membrane lining, the interface shear 

controls the angle of side slopes that can be 
constructed safely. There have been numerous 
plastic pipeline failures due to thermally induced 
tensile forces at joints causing a pullout failure of a 
coupling and resulting in an explosion and fire 
(O’Rourke and Druschel 1989). Numerous side 
slope failures in landfills have also occurred in the 
past as reported by Boschuk (1991). The failures 
occur often by cover soil sliding over geomembrane, 
but sometimes the geomembrane fails because of 
sliding on a lower-friction surface beneath. 

As stated by O’Rourke at el. (1990), in 
geotechnical engineering practice, it is convenient to 
evaluate the interface angle of shear resistance, �, by 
knowledge of the direct shear angle of soil friction, 
�'ds, and the value of �/�'ds that applies for the 
surface and materials under consideration. This 
approach divides the problem logically into 
determining a soil property, �'ds, and an interface 
property, �/�'ds, which can be adjusted to any value 
of �'ds.

2 HARDNESS AND INTERFACE SHEAR 

Hardness is defined as the resistance of a material to 
indentation and hardness tests measure the resistance 
of the plastic toward indentation. The indentation 
hardness is inversely related to the penetration and is 
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dependent on the elastic modulus and viscoelastic 
behavior of the material. Shore hardness is a 
common method used to determine surface hardness 
of plastic materials. There are two types of Shore 
hardness scale used for plastics: Shore A and Shore 
D scales. The Shore A scale is used for relatively 
softer plastics while Shore D is used for relatively 
harder plastics. Shore D Hardness, HD, provides an 
index of the surface hardness. This hardness is 
important when evaluating the interface friction 
characteristics of geosynthetics buried in the ground. 

Tests performed by O’Rourke and Druschel 
(1989) indicated that shear capacity was related to 
the surface hardness of the polymer. A general 
model for interface frictional resistance was 
developed by O’Rourke et al. (1990). The model 
relates the interface property, �/�'ds, to the Shore D 
Hardness, HD, of the polymer and �/�'ds decreases 
with increasing HD (Figure 1). A linear regression 
performed on the data provided a straight-line fit and 
the equation relating interface property, �/�'ds, to the 
Shore D Hardness, HD, is given as follows: 

� 0.0088 1.15ds DH�� � � �  (1) 

For a polymer surface with high HD, interface 
shear is controlled entirely by slip along the surface 
while for a polymer with lower HD, the limiting 
interface shear may be governed by the critical state 
angle of shear resistance in the soil adjacent to the 
surface (O’Rourke et al. 1990). This depends on the 
direct shear friction angle, �'ds. As �'ds decreases, the 
�/�'ds ratio that defines the limit state increases. 
Limiting values of �/�'ds are given in Figure 2. 

The materials studied in this paper were with 
relatively high HD values (HD > 60) within the 
temperature range considered and therefore the 
interface shear is controlled entirely by slip along 
the surface of these materials. 

Figure 1. Ratio of interface to soil friction angles, �/�'ds, versus 
Shore D Hardness, HD (after O’Rourke et al. 1990). 

Figure 2. General relationship between ratio of interface to soil 
friction angle, �/�'ds, and Shore D Hardness, HD, of the polymer 
interface (after O’Rourke et al. 1990). 

3 LABORATORY TESTING 

Laboratory tests were performed to study the effect 
of temperature on surface hardness and interface 
friction of several polymers. Shore D Hardness 
measurements were performed according to ASTM 
D 2240-91 (1995) to obtain an index value of 
surface hardness for each polymer using a handheld 
durometer. 

Hardness measurements were performed in a 
temperature control chamber. The chamber had 
precise temperature control from �20°C to 60°C. 
The microprocessor kept temperature within ± 0.5°C 
of the desired temperature. The test temperatures 
were programmed through a control unit mounted on 
the wall outside the chamber. The chamber had 
inside dimensions of 2.5 m by 3.0 m. Its height was 
2.4 m and top 0.3 m was used by cooling units and 
fans.

Hardness tests were performed at temperatures 
ranging from �10°C to 50°C. This is a typical range 
of temperatures to which civil engineering structures 
and therefore the geosynthetics used in these 
projects would be exposed. A high density 
polyethylene (HDPE) pipe, a medium density 
polyethylene (MDPE) pipe, an HDPE liner, and a 
polyvinyl chloride (PVC) pipe were used in this 
study. The materials tested were neither corrugated 
nor textured and had smooth surfaces. HDPE liner 
specimens were composed of plied pieces to obtain 
the minimum thickness of 3 mm as required by 
ASTM D 2240.

The materials to be tested were placed in the 
temperature control chamber and left there for 24-
hours at each test temperature before the hardness 
measurements were taken. This ensured materials to 
have uniform and stabilized temperatures throughout. 
The temperatures were monitored with temperature 
sensors mounted on the materials tested. For pipe 
samples, the temperature sensors were also placed 
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inside the pipes to monitor uniformity of 
temperatures throughout the test specimens. 

Hardness measurements were taken at various 
locations of each specimen to reduce error and to 
investigate the homogeneity of readings through the 
sample. For example, total of 274 measurements 
were taken on the HDPE pipe specimen, with an 
average of approximately 34 readings at each test 
temperature. The measurements indicated that the 
scatter in measurements was uniform through the 
samples tested. 

4 TEMPERATURE AND INTERFACE SHEAR 

The hardness measurements performed at various 
temperatures for various polymers indicated that the 
Shore D Hardness, HD, decreases with increasing 
temperatures. The results of the measurements taken 
are given and discussed in the following. 

4.1 HDPE Pipe 

Hardness measurements taken on the HDPE pipe at 
various temperatures are shown in Figure 3. The 
vertical line and the symbol at each temperature 
indicate the range of hardness readings and the 
average of the readings taken at that temperature, 
respectively. A linear regression performed on the 
data provides a straight-line fit with a high 
coefficient of determination (R2 = 0.95). The 
closeness of fit between the regression and data 
indicates that there is a good correlation between the 
temperature and the surface hardness of HDPE pipe. 
For the HDPE pipe tested, the equation relating 
Shore D Hardness, HD, to the temperature, T, is 
given as: 

� �HDPE Pipe
0.20504 72.17DH � � �T  (2) 

-20 -10 0 10 20 30 40 50 6

Temperature, T (°C)

0
60

64

68

72

76

S
ho

re
 D

 H
ar

dn
es

s,
 H

D

HDPE Pipe
274 Data Points

HD = �0.20504 T + 72.17

Figure 3. Effect of Temperature on Shore D Hardness, HD, of 
HDPE pipe. 

in which T is in degree Celsius. By substituting Eq. 
(2) into Eq. (1), direct relation between the interface 
property, �/�'ds, and the temperature, T, is obtained 
as:

� � 3
HDPE Pipe

� 1.80435 10 0.5149ds T��� � � �  (3) 

in which T is in degree Celsius and ranges from 
�10°C to 50°C.

4.2 Various Polyethylene and PVC Materials 

Figure 4 shows the hardness measurements taken on 
the HDPE liner, MDPE pipe, and PVC pipe, as well 
as the data given in Figure 3 for the HDPE pipe. The 
surface hardness of both HDPE liner and MDPE 
pipe was lower than the HDPE pipe, indicative of 
relatively softer materials. However, the data 
indicate that the change of surface hardness per 
temperature change is almost the same for all three 
polyethylene materials studied. 

Figure 4 shows that the PVC pipe has larger 
surface hardness values compared to all three types 
of polyethylene materials tested. Figure 4 also shows 
that the surface hardness of PVC pipe is less 
dependent on temperature, i.e. the rate of change of 
hardness as temperature changes is much slower 
than the polyethylene materials tested. 

5 NORMALIZED INTERFACE FRICTION 

The temperature versus hardness measurements 
concluded that there is a linear relationship between 
the Shore D Hardness, HD, and the temperature of 
the polymers. By using this relationship and the 
correlation established between the Shore D 
Hardness, HD, and the interface property, �/�'ds, by 
O’Rourke et al. (1990), new models for normalized 
interface friction angle and frictional resistance as a 
function of temperature were developed.  
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Figure 4. Effect of Temperature on Shore D Hardness, HD, of 
various polymers. 

dependent on the elastic modulus and viscoelastic 
behavior of the material. Shore hardness is a 
common method used to determine surface hardness 
of plastic materials. There are two types of Shore 
hardness scale used for plastics: Shore A and Shore 
D scales. The Shore A scale is used for relatively 
softer plastics while Shore D is used for relatively 
harder plastics. Shore D Hardness, HD, provides an 
index of the surface hardness. This hardness is 
important when evaluating the interface friction 
characteristics of geosynthetics buried in the ground. 

Tests performed by O’Rourke and Druschel 
(1989) indicated that shear capacity was related to 
the surface hardness of the polymer. A general 
model for interface frictional resistance was 
developed by O’Rourke et al. (1990). The model 
relates the interface property, �/�'ds, to the Shore D 
Hardness, HD, of the polymer and �/�'ds decreases 
with increasing HD (Figure 1). A linear regression 
performed on the data provided a straight-line fit and 
the equation relating interface property, �/�'ds, to the 
Shore D Hardness, HD, is given as follows: 

� 0.0088 1.15ds DH�� � � �  (1) 

For a polymer surface with high HD, interface 
shear is controlled entirely by slip along the surface 
while for a polymer with lower HD, the limiting 
interface shear may be governed by the critical state 
angle of shear resistance in the soil adjacent to the 
surface (O’Rourke et al. 1990). This depends on the 
direct shear friction angle, �'ds. As �'ds decreases, the 
�/�'ds ratio that defines the limit state increases. 
Limiting values of �/�'ds are given in Figure 2. 

The materials studied in this paper were with 
relatively high HD values (HD > 60) within the 
temperature range considered and therefore the 
interface shear is controlled entirely by slip along 
the surface of these materials. 

Figure 1. Ratio of interface to soil friction angles, �/�'ds, versus 
Shore D Hardness, HD (after O’Rourke et al. 1990). 

Figure 2. General relationship between ratio of interface to soil 
friction angle, �/�'ds, and Shore D Hardness, HD, of the polymer 
interface (after O’Rourke et al. 1990). 

3 LABORATORY TESTING 

Laboratory tests were performed to study the effect 
of temperature on surface hardness and interface 
friction of several polymers. Shore D Hardness 
measurements were performed according to ASTM 
D 2240-91 (1995) to obtain an index value of 
surface hardness for each polymer using a handheld 
durometer. 

Hardness measurements were performed in a 
temperature control chamber. The chamber had 
precise temperature control from �20°C to 60°C. 
The microprocessor kept temperature within ± 0.5°C 
of the desired temperature. The test temperatures 
were programmed through a control unit mounted on 
the wall outside the chamber. The chamber had 
inside dimensions of 2.5 m by 3.0 m. Its height was 
2.4 m and top 0.3 m was used by cooling units and 
fans.

Hardness tests were performed at temperatures 
ranging from �10°C to 50°C. This is a typical range 
of temperatures to which civil engineering structures 
and therefore the geosynthetics used in these 
projects would be exposed. A high density 
polyethylene (HDPE) pipe, a medium density 
polyethylene (MDPE) pipe, an HDPE liner, and a 
polyvinyl chloride (PVC) pipe were used in this 
study. The materials tested were neither corrugated 
nor textured and had smooth surfaces. HDPE liner 
specimens were composed of plied pieces to obtain 
the minimum thickness of 3 mm as required by 
ASTM D 2240.

The materials to be tested were placed in the 
temperature control chamber and left there for 24-
hours at each test temperature before the hardness 
measurements were taken. This ensured materials to 
have uniform and stabilized temperatures throughout. 
The temperatures were monitored with temperature 
sensors mounted on the materials tested. For pipe 
samples, the temperature sensors were also placed 
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For each temperature versus Shore D Hardness, 
HD, data point plotted in Figure 4, the corresponding 
interface property, �/�'ds, was calculated using Eq. 
(1), similar to the procedure given in Section 4.1. 
These calculated �/�'ds values then were normalized 
by the interface property, �/�'ds, values calculated at 
23°C for each material to obtain normalized 
interface friction angle and frictional resistance. 
Linear regression lines given in Figure 4 were used 
to calculate interface property, �/�'ds, values at 23°C. 
Temperature at 23°C was used as a base temperature, 
because it is the temperature that ASTM D 2240 
requires for durometer hardness testing (� 2°C). 
Normalized interface properties, friction angle and 
frictional resistance, are presented in Figure 5. 
Linear regressions performed on the data provide a 
straight-line fit with a high coefficient of 
determination (R2 = 0.94 for friction angle and R2 = 
0.93 for frictional resistance). 
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Figure 5. Normalized interface friction angle and resistance 
versus temperature. 

Figure 5 shows the significant effect of 
temperature on the interface friction properties of 
polymers. Within the temperature range studied, the 
frictional resistance changes up to 25 percent can 
occur due to a temperature change that affects the 
surface hardness of the polymer. This indicates that 
the safety factors used in the design can also 
fluctuate approximately 20�25 percent due to the 

temperature changes. This magnitude of change is 
especially critical when short-term conditions are 
considered during the design. Safety factors very 
close to a limit equilibrium state are very common 
when the temporary conditions exist. Rapid changes 
in temperature can easily reduce the interface 
friction properties such that safety factors may be 
reduced substantially, approaching limit equilibrium 
conditions and potentially causing failures. 

6 CONCLUSIONS 

In this paper, the effects of temperature on the 
interface friction properties of various polymers 
were investigated based on results from surface 
hardness tests. Earlier studies correlating interface 
properties to surface hardness were used to tie 
temperature effects to interface friction properties. 
New model for interface frictional resistance was 
developed, in which normalized interface friction 
angle and frictional resistance was related to a 
temperature of the polymer. 

The results of the study presented in this paper 
provide a rapid and simple evaluation of temperature 
effects on the interface friction properties and also 
reveals the importance of temperature on the 
interface friction of geosynthetics materials.  
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