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ABSTRACT: Thickness, mass per unit area, hardness and axial tension tests were performed on specimens of 
a polyvinyl chloride (PVC) geomembrane exhumed from the lining system of a waste disposal trench after 20 
years of operation. The results were compared to reference values pertaining to control samples. Tension test 
results on the aged specimens revealed reductions in strain at failure reaching 10 % and 25 %, for specimens
previously classified visually as “good” and “stained”, respectively. Hardness test results indicated an in-
crease in geomembrane hardness (Shore A) ranging from 9 to 12 %. The results are consistent with the effect 
of “ageing” due to plasticizer loss, affecting the long-term behavior of PVC geomembranes by increasing the 
stiffness of the material. However, the obtained results also illustrate the fact that the extent of long-term stif-
fening is a function of material quality (plasticizer, additives) and environmental conditions, and cannot be
simply generalized for different products under different environments. The present test results indicated a
small variation in geomembrane mechanical properties after 20 years, suggesting that the material was ex-
posed to an environment that was not critically aggressive.

1 INTRODUCTION 

Polyvinyl chloride (PVC) geomembrane samples 1.0 
mm in thickness were exhumed from the lining sys-
tem of an industrial waste disposal trench and taken 
to the laboratory for testing. 

The waste disposal facility where the samples 
were collected is located in São José dos Campos 
(São Paulo), Brazil, and managed by Ecosistema. 
The barrier had been in service for approximately 20 
years, in which the liner had been in contact with 
hazardous wastes (Class I, according to NBR-
10.004). 

The occasion to exhume and test these samples 
arose from the fact that in 2005 the waste located in 
waste disposal trench “number 12” was transferred 
to a new disposal unit lined with a double composite 
liner system, even though the trench did not exhibit 
any sign of environmental contamination. Samples 
were collected from the bottom and side (lateral 
slope) of the emptied trench. 

The purpose of this paper is to present some of the 
results obtained after performing physical, tension 
and hardness tests on exhumed specimens of the 
PVC geomembrane that has been part of the lining 
system of the waste disposal trench for ~20 years, 
comparing the results with those based on the virgin 
material (i.e., equal geomembrane material from 
same manufacturer, which has been stored adequate-
ly). 

2 BACKGROUND 

Lining systems for waste disposal in landfills and 
lagoons generally include one or more layers of geo-
synthetic barrier materials manufactured from high 
density polyethylene (HDPE), polyvinyl chloride 
(PVC) or polypropylene (PP). PVC geomembranes 
are generally cost effective and easy to install, can 
be welded in the field and can be manufactured into 
large panels to meet specific project requirements 
with fewer seams.  

However, chemical resistance of PVC geomem-
branes has been regarded as an issue. Plain PVC 
geomembranes would be stiff, so a plasticizer to in-
crease material flexibility is added in the manufac-
turing process in weight percentages ranging from 
30 to 35 %. 

The long-term loss of plasticizer due to volatiliza-
tion under high temperatures, migration (diffusion, 
desorption from the surface) and due to interactions 
with water, organic compounds, solid residues, soils 
and microorganisms is probably the major issue im-
pairing the longevity of PVC geomembranes (e.g., 
Giroud & Tisinger 1993, Hsuan & Koerner 2005). 

As schematically represented in Figure 1, plasti-
cizer loss may result in stiffening of the geomem-
brane becoming an undesirably brittle material that 
would be more susceptible to mechanical damage. 
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Figure 1. Schematic of the effect of plasticizer loss on un-
iaxial tensile properties of PVC geomembrane. 

 
As shown in Figure 1, tensile test results on aged 

geomembranes compared to those of the virgin ma-
terial may serve as indicators of the degree of deteri-
oration of the PVC along time. Also, laboratory 
hardness tests on aged geomembranes may serve as 
an indicator of material degradation, since hardness 
of the PVC correlates inversely with the amount of 
plasticizer (Giroud & Tisinger 1993). 

Any given PVC geomembrane displays soft/hard 
behavior as a function of temperature and plasticizer 
content, as indicated in Figure 2. In the figure, TF is 
approximately equal to the glass transition tempera-
ture and corresponds approximately to an initial 
modulus of 1000 MPa. As discussed in Giroud & 
Tisinger (1993), TF is observed to increase approx-
imately linearly with decreasing the plasticizer con-
tent. As schematically drawn in Figure 2, a decline 
in plasticizer content to ~15 % would cause the PVC 
material to behave as a hard material at 25 oC.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2. Flexibility temperature of PVC sheet versus 
plasticizer content. (based on the work of Bikales et al. 
1969 & Ghersa 1958, cited by Giroud & Tisinger 1993). 
 
 Due to the possible effects of ageing on the long-
term performance of PVC geomembranes in field 
applications, PVC geomembranes have historically 

been recommended in the United States for relative-
ly short-term (< 5 years) applications as lining ma-
terial for waste containment systems (e.g., Sharma & 
Lewis 1994). However, the long term behavior of a 
PVC geomembrane depends on material and appli-
cation specific factors, predominantly the type and 
content of plasticizer and the intensity of exposition 
to a chemically aggressive environment. Therefore, 
the aforementioned statement requires further inves-
tigation taking into account the particular conditions 
existing in each application. 

3 FIELD SAMPLING 

Hazardous waste disposal trench “number 12”, hav-
ing 14.5 m x 33.5 m (plan view) by 3.9 m in depth, 
was emptied in 2005 (Picture 1), and 2.0 m x 2.0 m 
geomembrane samples were exhumed and collected 
from two positions, as indicated in Figure 3 and de-
picted in Picture 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 1. General view of waste disposal trench “number 
12”. 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 3. Schematic locations of sample collection, from 
bottom and side of the waste disposal trench. 
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4  SPECIMEN PREPARATION 

From each of the 2.0 m × 2.0 m geomembrane sam-
ples exhumed in the field, several 0.025 m × 0.153 m 
testing specimens were produced, as shown in Pic-
ture 3. Each of the specimens was then visually clas-
sified based on the occurrence of discoloration and 
presence of stains, as “good” or “stained”.  

The total number of geomembrane specimens cut 
and tested in tension tests was equal to 69, with 36 
specimens cut from side (slope) samples and 33 spe-
cimens cut from bottom samples.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Picture 2. Sample collection positions, bottom and slope 
of the waste disposal trench. 

 
Out of the 36 geomembrane specimens from side 

samples, 18 were longitudinal specimens, i.e., spe-
cimens cut with the longest dimension parallel to the 
direction of the sloping side of the trench, and 18 
were transverse specimens, i.e., specimens cut with 
the longest dimension perpendicular to the direction 
of the slope. Similarly, longitudinal and transverse 
specimens were cut from bottom samples. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Picture 3. Specimens obtained from a sample of exhumed 
geomembrane. 

5 EXPERIMENTAL RESULTS 

Four different types of tests were performed on the 
prepared specimens: thickness, mass per unit area, 
tension tests and hardness tests. The obtained results 
were compared to those pertaining to a control sam-
ple, i.e., a sample of a virgin geomembrane material 
stored by the manufacturer and having the same cha-
racteristics of raw materials, composition, and man-
ufacturing process as the geomembrane utilized in 
the field, as indicated by the manufacturer (Sansuy). 
 

5.1 Physical Properties 
The reference value for mass per unit area of the 
virgin PVC geomembrane is 1364 g/m2 (ISO2286-
2:1998). In comparison, the experimental results ob-
tained for the exhumed samples ranged from 1249 to 
1390 g/m2, with mean values shown in Table 1. 
 The reference value for thickness of this geomem-
brane is 1.08 mm (ISO2286-3:1998) and the expe-
rimental results obtained for the exhumed samples 
ranged from 0.98 to 1.05 mm, with mean values 
shown in Table 1. 
 
Table 1. Physical test results for thickness and mass per 
unit area (m.u.a.). 

Property 

Slope 

Good Stained 

Mean 
c.v. 

(%) 
Mean 

c.v. 

(%) 

Thickness (mm) 1.00 1.5 1.02 2.1 

M.u.a. (g/m2) 1289 1.8 1301 2.6 

 Botton 

Thickness (mm) 1.02 1.8 1.01 1.7 

M.u.a. (g/m2) 1310 2.1 1298 2.0 
 

Considering all specimens pertaining to each cat-
egory (bottom vs. slope, good vs. stained), the re-
sults in Table 1 for thickness and mass per unit area 
are shown in terms of the mean values and the coef-
ficients of variation (c.v.) per category, where c.v. is 
defined as the standard deviation divided by the 
mean. 

The results suggest a decline in mass per unit area 
for the exposed geomembrane material compared to 
the reference value. However, the observed decline 
is very slight (< 5 %) and does not appear to corre-
late with the visual aspect of the specimens (good 
vs. stained). 

 

5.2 Tension Tests 
Axial tension tests were performed according to 
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ASTM D-882 on geomembrane specimens prepared 
from exhumed samples. Tensile strength and relative 
elongation (strain) at failure and the tensile stress at 
100 % strain were determined. The number of spe-
cimens tested per category (i.e., bottom vs. slope, 
longitudinal vs. transverse, good vs. stained) is indi-
cated in Table 2.  
 Reference tension-test results (index properties) 
pertaining to the control sample in a virgin condi-
tion, i.e., adequately stored and not in contact with 
aggressive environment were obtained from Sansuy, 
based on tests performed in 1997. The reference test 
results are longitudinal tensile strength of 17120 kPa 
for strain at failure of 413 % and transverse tensile 
strength of 15420 kPa for strain at failure of 411 %. 
These results are within the ranges of expected val-
ues (e.g., Sharma and Lewis 1994). 

The experimental results obtained for the field ex-
humed specimens are presented in Table 2, in terms 
of ratios of experimental results to reference values, 
defined as follows: 

 
• Mean strength ratio (SR): 
 
 
 
 
 
SR is the ratio between the mean (arithmetic) tensile 
strength of exhumed specimens and the reference 
tensile strength of the control sample. 
 

• Mean elongation strain at failure ratio (ER): 
 
 
 
 
ER is the ratio between the mean strain at failure of 
exhumed specimens and the reference strain at fail-
ure of the control sample. 
 The coefficients of variation (c.v.) of the mea-
surements of tensile strength (cvσ) and strain at fail-
ure (cvε) are also shown in Table 2.  

To complete the analysis the mean values of axial 
tensile stresses at a strain equal to 100 % (i.e., before 
failure) are shown in Table 3, along with ranges of 
values and coefficients of variation.  

 
 

5.3 Hardness Tests 
Hardness tests were performed according to ASTM 
D-2240 on specimens exhumed from the trench. Al-
so, reference test results performed on the control 
sample indicated a mean hardness value of 77 
(Shore A). The results obtained for the exhumed 
specimens are shown in Table 4, and ranged from 84 
to 86. The percent increase with respect to the refer-
ence value ranged from 9 to 12 %. 

 
 
 

 
 
Table 2. Experimental results of tensile strengths and strains at failure for exhumed specimens, expressed in terms of 
the ratios SR and ER (n: number of specimens). 

Sample 
Location 

Specimen 
Orientation 

Visual 
Classification n SR cvσ 

(%) ER cvε 
(%) 

Bottom 

Longitudinal 
Stained 10 0.85 5 0.75 14 

Good 6 0.83 5 0.69 20 

Transverse 
Stained 11 0.87 2 0.82 9 

Good 6 0.87 1 0.81 4 

Slope 
Longitudinal 

Stained 10 0.87 9 0.76 27 
Good 8 0.91 3 0.91 6 

Transverse 
Stained 9 0.87 7 0.76 21 
Good 9 0.88 3 0.77 12 

 
 
 
 
 
 
 
 
 

reference,f

specimen,fSR
σ
σ

=                          (1) 

reference,f

specimen,fER
ε
ε

=                         (2) 
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Table 3. Experimental results for tensile stress measured at a strain equal to 100 %, ranges of values and coefficients of 
variation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table 4. Experimental results for mean hardness values 
and percent increase in relation to the results for the con-
trol sample. 

6 DISCUSSION 

6.1 Physical Properties and Hardness 
The observed increase in geomembrane hardness 

for aged exhumed specimens compared to the con-
trol sample (~9 to 12 %) is consistent with the age-
ing of geomembranes in the field and with a certain 
degree of stiffening of the material.  

The observed slight decline in mass per unit area 
(< 5 %), not correlated with the visual aspect of the 
specimen, and the fact that measured thicknesses re-
sulted slightly inferior to the reference value of 1.08 
mm may be attributed, to an unknown extent, to ma-
terial variability in thickness and mass per unit area. 
On the other hand, the differences may in fact reflect 
an ageing-related loss of material during exposition 
in the field.  

6.2 Tension Tests: Statistical Analysis of Data 
Hypothesis testing considering a confidence inter-

val of 95 % was employed to verify the meaningful-
ness of the differences observed in the results ob-
tained for the different categories of tested 
specimens (i.e., bottom vs. slope, longitudinal vs. 
transverse, good vs. stained). 
 For transverse tensile strength, specimens sepa-
rated into “good” and “stained” as well as collected 
from “bottom” or “slope” positions all have statisti-

cally identical tensile strengths, with a global aver-
age of 13560 kPa, thus corresponding to a 12-% re-
duction in transverse tensile strength compared to 
15420 kPa (control). 

In addition, the same conclusion was obtained 
with respect to the transverse strain at failure, the 
global average being equal to 321 % and corres-
ponding to a 22-% reduction compared to the strain 
at failure of the virgin material (411 %). 

For longitudinal tensile strength, specimens sepa-
rated into “good” and “stained” as well as collected 
from “bottom” or “slope” positions all have statisti-
cally identical tensile strengths, with a global aver-
age of 14900 kPa, thus corresponding to a 13-% re-
duction in longitudinal tensile strength compared to 
17120 kPa (control). 

However, the statistical analysis for the longitu-
dinal strain at failure revealed statistical difference 
between results obtained for “good” specimens ver-
sus “stained” specimens, as follows: 
- Mean longitudinal strain at failure for “good” 

specimens resulted equal to 370 %, with a 20-% 
standard deviation, corresponding to a 10-% re-
duction relative to control results (413 %), and  

- Mean longitudinal strain at failure for “stained” 
specimens resulted equal to 312 %, with a 65-% 
standard deviation, corresponding to a 25-% re-
duction relative to control results (413 %).  

6.3 Comparisons of Tension Test Results with 
other Data 

Experimental data from tension tests performed by 
Lodi (2003) on specimens of 1.0-mm thick PVC 
geomembranes aged for 0.5 to 2.5 years in contact 
with a leachate solution from domestic sewage were 
employed for simple comparison in terms of ER (ra-
tio of mean strain at failure). Despite the fact that the 
environments were not the same, the compared re-
sults shown in Figure 4 indicate a general agreement 
in terms of decreasing ER with ageing time. 

Sample 
Location 

Specimen 
Orientation 

Visual 
Classification σ (kPa) c.v. 

(%)

Bottom  
Longitudinal 

Stained 10100  (9400-10700) 4 

Good 10200  (9800-10500) 3 

Transverse 
Stained 9700  (9300-10200) 3 
Good 9700  (9400-10300) 3 

Slope 

Longitudinal 
Stained 10700  (9100-16100) 19 

Good 10200  (9700-11300) 5 

Transverse 
Stained 9800  (9100-10900) 6 

Good 9700  (9400-10300) 3 

Sample 
Location 

Hardness 
Shore A 

Percent
increase 

(%)
Bottom  84 9 

Slope 86 12 
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Figure 4. Comparison between ER values obtained in this 
study and values from Lodi (2003) for 0.5 to 2.5 years. 
 

7 CONCLUSIONS 

The obtained experimental results indicated small 
variations in the analyzed mechanical properties of a 
PVC geomembrane exhumed after 20 years in a 
waste trench. Tension test results on the aged speci-
mens revealed reductions in strain at failure of 10 % 
and 25 %, for specimens visually classified as 
“good” and “stained”, respectively. Hardness test re-
sults indicated an increase in geomembrane hardness 
ranging from 9 to 12 %. The obtained results may be 
in part attributed to the fact that the geomembrane 
has been buried, and reveals that the material has not 
been exposed to a critically aggressive environment. 
These results illustrate the fact that the extent of 
long-term stiffening is a function of material quality 
(plasticizer, additives) and environmental condi-
tions, and cannot be simply generalized for different 
products under different environments. Products 
containing adequate raw materials (plasticizes, addi-
tives) and buried in non-critical environments (i.e., 
moderate temperatures, low flow of water and lea-
chate, inexistence of critically aggressive chemicals, 
acceptable mechanical stresses, etc.) may be capable 
of maintaining physical and mechanical characteris-
tics for extended periods of time (e.g., 20 years). 

The long-term behavior of PVC geomembranes 
requires specific evaluations that need to be carried 
out considering the anticipated conditions in the 
field. For the trench considered in this study, petro-
leum derivates present in the waste could have 
caused significant damage to the long-term behavior 
of the geomembrane. Thus, the decision to transfer 
the waste to a trench containing a double liner was 
probably a decision consistent with the necessary 
level of safety. 
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