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EXECUTIVE SUMMARY 
 
 This study has been undertaken to investigate the degradation behavior of a commercial 
urethane foam. Bechtel Jacobs Company (BJC) plans to use urethane for infiltrating segmented 
process gas equipment (PGE) at the K-25/K-27 plants to restrict the mobility of the various 
radionuclides. Subsequently, the infiltrated PGE will be sent to the Environmental Management 
Waste Management Facility (EMWMF) at the Oak Ridge Reservation (ORR) for disposal.  
 
 The objective of this study was to generate test data to be used in evaluating the long-
term performance of the urethane foam in the landfill environment. The longevity of the foam 
was evaluated under plausible degradation scenarios that may lead to foam failure, which could 
then compromise the integrity of the final cap during the life of the landfill. The degradation 
effects of various conditions such as mechanical stresses, heat, moisture, temperature cycling, 
biodegradation, and radiation exposure were studied. 
 
 All urethane foams in this study were fabricated and supplied by North Carolina Foam 
Industries (NCFI). The unconfined compressive strength of the as-received urethane foam, which 
had a density of 3.1 pounds per cubic feet (pcf), was found to be anisotropic. Compressive 
strengths were 50 psi in the direction of foam rise (longitudinal) and 31 psi in the direction 
perpendicular to foam rise (transverse). The aging study focused on the transverse (i.e., weaker 
compressive strength) mechanical properties. The compressive strength of the urethane foam 
degraded with test temperature up to 90°C (194°F). Strength dropped by 40% at 90°C (194°F), 
to 19 psi, as compared with the room-temperature compressive strength of 31 psi. 
 
 Dry and wet aging of urethane did not degrade compressive strength for tests conducted 
at temperatures as high as 90°C (194°F) and exposure times as long as 60 days. However, foam 
density did decrease (by as much as 15%) with such long-term exposure at elevated temperature. 
The density changes were mainly attributed to sample dimensional changes. 

 
 Dry and wet freeze-thaw cycling also did not degrade the compressive strength for 
30 cycles between -5°C and 50°C (23°F and 122°F). 
 
 Confined compression tests conducted on 3.1-pcf density foam showed that at 75 psi 
stress (corresponding to 90-ft burial depth), strains were 50 to 60%. Based on this observation, 
BJC selected higher density foams (4-7 pcf) for study of potential landfill overburden loads. No 
aging studies were conducted on the higher density foams. However, since the compositional 
makeup for the higher density foam is same as the low (3.1 pcf) foam (according to NCFI), its 
aging behavior is expected to be similar to the low-density foam.  
 
 Unconfined compressive strengths of four higher density foams showed that with 
increasing density, compressive strength increases. These foams also showed anisotropic 
behavior in their mechanical properties. For the foam with density of 7 pcf (foam B), 
compressive strengths were approximately 200 psi and 120 psi in the longitudinal and transverse 
directions, respectively.  
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 Confined compression tests on urethane foam showed that foam B satisfies BJC’s initial 
consolidation condition of <10% volumetric strain at stresses of 75 psi (5.4 tsf or equivalent to 
90-ft soil depth corresponding to the maximum overburden pressures). In time-dependent 
confined compression testing at 75 psi (5.4 tsf), foam B deformed <8% in over 1800 h of testing.  
 

A biodegradation study showed the urethane foam (3.1 pcf) to be non-biodegradable 
under anaerobic conditions. This rigid foam is resistant to microbial attack due to its chemical 
and physical structure. Since there is no difference in chemical composition of the higher density 
(6.6 pcf) foam, it is likely that that the denser foam will have similar biodegradability properties 
as the less denser (3.1 pcf) foam. 
 
 Irradiation and testing of the urethane foam (3.1 pcf), performed at Oak Ridge National 
Laboratory, indicated no significant degradation of the foam and minimal gas generation during 
a gamma irradiation to a “1000-year alpha and gamma” dose on the entire sample volume. 
 
 Another aspect of this study was to investigate the corrosion behavior of the PGE steel 
pipes. The objective was to determine the corrosion rates of the steel in various disposal 
scenarios. The data obtained will help EMWMF in establishing the durability of steel structures 
and in assessing the potential of subsidence due to structural collapse. This information will be 
used in assessing the structural integrity of steel objects relative to the design life of the 
EMWMF.  
 
 Corrosion tests on the ASTM A51 steel were conducted in four conditions: (a) sample 
suspended in leachate, (b) sample buried in soil mixed with leachate and soil open to air, (c) 
sample buried in soil mixed with leachate in a sealed container, and (d) sample buried in soil to 
create anaerobic conditions. Corrosion rates at room temperature for the above test conditions 
were 0.065 mm/yr, negligible, 0.03 mm/yr, and negligible, respectively. 
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1  INTRODUCTION 
 
 Currently, the U.S. Department of Energy (DOE) and its contractor, Bechtel Jacobs 
Company (BJC), are undertaking a major effort to clean up the former gaseous diffusion facility 
(K-25) located in Oak Ridge, TN. One need is for disposal of tons of steel pipes and other 
process gas equipment (PGE) that are contaminated by various radionuclides, including UO2F2. 
The approach BJC is taking is to infiltrate the PGE with an urethane foam to restrict the mobility 
of the radionuclides during handling and demolition process. 
 
 Most of the infiltrated PGE will be ultimately disposed of in the Environmental 
Management Waste Management Facility (EMWMF). The EMWMF is an above ground 
disposal facility for Comprehensive Environmental Response, Compensation and Liability Act 
(CERCLA) waste generated from remediation of DOE facilities on the Oak Ridge reservation 
(ORR). The landfill accepts both hazardous and low-level radioactive wastes. The 1.7 million 
cubic yard facility is designed with a maximum waste depth of 75 feet, and the entire facility is 
overlain by 15 feet thick impermeable cap. The maximum overburden pressure at the base of the 
landfill is 75 psi or 5.4 tons per square foot (tsf). 
 
 The long-term integrity of urethane foam in the disposal environment has not been 
established. In this regard, BJC contracted Argonne National Laboratory (ANL) to evaluate the 
urethane foam in a laboratory test program. 
 
 The objective of this study was to generate test data to be used in evaluating the long-
term performance of the urethane foam in the landfill environment. The longevity of the foam 
was to be evaluated under plausible degradation scenarios that may lead to failure of the foam 
material which could then compromise the integrity of the final cap on the EMWMF. Of 
particular concern is loss of foam integrity that leads to excessive subsidence or excessive 
differential subsidence of the cap over a 1,000-year period.  
 
 The focus of the proposed study was to isolate the specific degradation mechanism of 
interest for the urethane foam and study its effect on the urethane property(s) by accelerated 
tests, and use predictive modeling to assess a useful life-time of urethane. To ascertain what 
degradation mechanisms could affect the foam, the foam was exposed to extreme environments 
not likely to be experienced in real applications. However, these extreme measures are required 
to accelerate the degradation process. By determining the rate constants of the degradation 
process, it is then possible to simulate the foam behavior over long periods based on the relative 
short period of time of this study. This predictive modeling is valid only if there is some 
degradation in the foam property is observed and the degradation mechanism remains the same 
during accelerated testing. 
 
 Aging and potential degradation of polymers are expected to be caused by numerous 
natural weathering factors, including heat, sunlight, moisture, temperature cycling, micro-
organisms, radioactivity, and chemical pollutants, etc. However, in the disposal scenario, not all 
the degradation mechanisms will be operable. It is important to identify the critical degradation 
causes and their effect on the material properties under environments that simulate the actual 
weathering conditions. Moreover, accelerated tests have to be conducted to determine useful 
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lifetimes of the materials of interest. Based on review of the disposal environment, the following 
properties were of interest: 

 
• Temperature Effects - Once buried, the temperature of the foam is expected to 

remain constant at about 55°F. However, prior to burial, large temperature 
variations may be experienced. This aspect of the study concentrated on 
higher temperatures and thermal cycling. 

 
• Water Immersion - While the landfill will be capped and long-term immersion 

is a remote possibility, moisture will be available in the landfill. The foam 
must thus maintain integrity in a moist environment. 

 
• Freeze-Thaw Cycling - Foam will only be subjected to mild freeze-thaw 

cycling prior to burial. 
 

• Mechanical Strength - The foam will be compressively loaded soon after 
burial or at some time in the future based on degradation of the surrounding 
PGE. Strength was investigated for confined and unconfined short-term 
compressive strength and long-term confined compressive strength and creep. 

 
• Biodegradation – The susceptibility of the foam to attack and degradation by 

biological growth can be expected. 
 

• Radiation – The effect of radiation on foam integrity is important because of 
contact of foam with the contaminated surfaces of PGE. 

 
• Ultraviolet Radiation - UV is known to break down urethane foam, but as the 

foam is inside the PGE prior to disposal and buried following disposal, this 
aspect of foam integrity did not justify evaluation. 

 
 Before exposure of the foam to significant loading within the landfill, the surrounding 
PGE (i.e., pipe or other metal structure) must first structurally degrade. Therefore, another aspect 
of this study was to evaluate the corrosion behavior of the steel pipes in a simulated environment 
and accelerated aging conditions. Corrosion was determined under several representative 
environmental conditions, which are expected to exist over time within the EMWMF. 
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2  URETHANE FOAM  
 
 
2.1  URETHANE FOAM SAMPLE DESCRIPTION 
 
 Urethane foam samples were fabricated by North Carolina Foam Industries (NCFI), 
Mount Airy, North Carolina, and shipped to Argonne National Laboratory. The samples were 
fabricated in June 2005. The standard urethane foam was a two-component system of resin and 
polymeric isocyanate mixed one-to-one by volume. Urethane foam was fabricated in two forms: 
constrained-rise and free-rise. Constrained rise foam samples were produced in pipes 
dimensionally similar to PGE. As-received cylindrical shaped samples had a diameter of 8 in 
(20.3 cm) and length of 4 ft (122) as shown in Fig. 2.1. Notice the surface inhomogeneity in 
some of the cylinders. These constrained-rise samples were used for aging studies.  
 
 In addition to constrained-rise urethane foam samples, NCFI also supplied a box (2 ft × 1 
ft × 1 ft) of free-rise urethane foam.  
 
 
 2.2  CONFIGURATION OF URETHANE FOAM TEST SAMPLES 
 
 For the constrained-rise urethane, a baseline study was conducted to establish any 
variations in the property of the urethane foam based on the location from where the test sample 
was extracted from the cylinder. It was assumed that all the cylinders had been processed in an 
identical manner, and that the material characteristics did not vary from cylinder to cylinder. 
However, the material properties could vary depending on the location within each cylinder such 
as center, top or bottom. In this regard, properties such as density, microstructure, and 
compressive strength were determined along the cylinder length to discern any differences from 
the baseline.  
 
 In addition, we investigated the effect on the physical property of the orientation of the 
test sample at a particular location along the cylinder length. This test was done by machining 
samples that were parallel (longitudinal) and perpendicular (transverse) to the cylinder’s length, 
as shown in Figs. 2.2(a) and 2.2(b), respectively. Samples were machined by hot-wire and core-
drill techniques at a commercial facility. 
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FIGURE 2.1  As-received constrained-rise urethane foam cylinders 
 
 

 
(a) 

 
(b) 

FIGURE 2.2  As-received urethane foam machined in (A) longitudinal and  
(B) transverse directions to the cylinder axis for aging study 

 
 
2.3 MICROSTRUCTURAL EVALUATION OF THE AS-RECEIVED 
         CONSTRAINED RISE FOAM 
 
 Figures 2.3(a) and 2.3(b) show higher magnification pictures of the surface of a 
constrained-rise sample. Circular pores as large as 1-2 mm were randomly distributed on both 
the flat and curved surfaces of the cylinder. Figure 2.4 shows a high-magnification scanning 
electron photomicrograph of the urethane foam surface. There were no discernible differences 
between the urethane foam microstructure in the transverse and longitudinal directions. 
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(a) 

  

            
(b) 

FIGURE 2.3  Surface porosity on the as-machined test sample 
(a) curved surface and (b) edge 
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FIGURE 2.4  SEM photomicrograph of urethane foam surface 
Showing the cellular structure. Notice the damage resulting 

from sample machining 
 
 
2.4  DENSITY  
 
 Densities were determined for samples machined from free-rise urethane foam and were 
compared with those of constrained-rise foam. ASTM D 1622-03 (Standard Test Method for 
Apparent Density of Rigid Cellular Plastics) was used to determine the density of the samples, 
which was calculated by taking the ratio of the sample weight and measured volume. Typical 
samples were cylindrical (2.375-in. diameter and 2.375-in. length). Averages were obtained from 
measurements on at least three samples at each condition (location and orientation). All 
measurements were made in a standard laboratory environment [~23°C (73°F), 45-50% RH].  
 
 Figure 2.5 shows the variations in the density of the various samples along with the 
standard deviations. As expected, free-rise urethane foam had the lowest density, 2.62 lb/ft3. The 
constrained-rise foam had slight orientation dependence. The average density for transverse-cut 
samples (3.13 lb/ft3) was slightly higher than that of the longitudinal-cut samples (2.95 lb/ft3). 
Furthermore, for a same sample orientation, we found no significant density variations based on 
the location (top, middle, or bottom) of the sample in the cylinder. Raw data for the density 
measurements are listed in Appendix 1. 
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FIGURE 2.5  Density variations of urethane foam samples as a function of sample location, 
orientation, and processing condition 

 
 
2.5  UNCONFINED COMPRESSIVE STRENGTH  

 
 Compressive strength tests on the foam (free-rise and constrained-rise) samples were 
conducted per ASTM D 1621 (Standard Test Method for Compressive Properties of Rigid 
Cellular Plastics). These samples were the same as those on which the density variations were 
evaluated. Typical samples were cylindrical with 2.375-in. (6.03 cm) diameter and 2.375 in. 
(6.03 cm) length. Tests were conducted under standard laboratory atmosphere. Compressive 
strength was measured on a Model 4505 Instron Universal Testing System (Fig. 2.6), which has 
a rate of cross-head movement of 0.24 in./min. Load versus cross-head displacement were 
recorded. In accordance with the ASTM standard, samples were deformed until they reached the 
yield point or were compressed approximately 13% of its original thickness, which ever came 
first. Compressive strength was calculated by taking the load at 10% deformation (if no yielding) 
or the yield load (if yielding observed) and dividing by the initial sample cross-sectional area, as 
shown in the raw load-deflection plot for constrained-rise samples in Fig. 2.7. Longitudinal-cut 
samples exhibit the characteristic yield point, whereas transverse samples do not. 
 
 Figure 2.8 shows the average compressive strength and standard deviation of the as-
received urethane foam samples. Figure 2.9 shows the individual strength values of the data in  
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FIGURE 2.6  Compression test being conducted on Instron machine 
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FIGURE 2.7  Typical load-extension variations for constrained-rise samples tested  
for compression 

 
 

Fig. 2.8. Clearly, the average strength of free-rise foam is significantly lower than that of the 
constrained-rise foam, which exhibits anisotropic behavior with regard to compressive strength. 
Also, the average strength in the longitudinal direction is higher (56 psi) than in the transverse 
direction (31 psi). Thus, for all the subsequent aging tests, we decided (with consent of BJC) to 
study only samples in the transverse or the weaker direction. Appendix 1 contains the raw 
compressive strength data for the samples shown in Fig. 2.9. 
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2.6  TRIAXIAL COMPRESSIVE STRENGTH  
 
 The unconfined compression tests reported above provided an engineering index. 
However, in use, the foam will be completely surrounded by waste, soil, etc., and the shear 
stresses are expected to be relatively low – the slopes are 4H:1V or less, and the highest stresses 
on the foam are applied vertically. However, at depth, the lateral loads created by the overburden 
may be significant [1]. Thus, to include the effects of lateral pressures exerted upon the foam by 
the surrounding materials in the landfill, triaxial compression tests were performed on the foam. 
The test method followed was ASTM Standard D 2850–03 (Standard Test Method for 
Unconsolidated-Undrained Triaxial Compression Test on Cohesive Soils).  
 
 Tests were conducted in a standard triaxial compression chamber, as shown in Fig. 2.10. 
A cylindrical sample (5.5-in. long × 2.5-in. dia) was enclosed in a rubber membrane (Fig. 2.10a) 
and then placed in a triaxial chamber (Fig. 2.10b). The desired confining pressure was gradually 
applied using air pressure. The sample was then placed on a compression loader (Fig. 2.10c) 
under a constant deflection rate (0.06 in./min) until either significant deformation occurred or 
vertical stress decreased. The axial strain versus vertical stress was plotted. The mode of failure 
(shear, bulging, etc.) was recorded. All tests were conducted in a laboratory ambient 
environment. The same procedure was repeated at three confining pressures. Two sets of 
machined samples were tested: transverse and longitudinal. For each set, two or three samples 
were tested. 
 
 Figure 2.11 plots the stress-strain behavior of transverse-machined samples tested at 
confining pressures ranging from 10 psi to 30 psi. As shown, the peak stress decreases with 
increasing confining pressures. Failure was usually accompanied with buckling of the sample, as 
shown in Fig. 2.12.  
 
 
 
 

 
  (a)    (b)    (c) 

FIGURE 2.10  Experimental set-up used for triaxial tests of urethane foam 
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 Figure 2.13 plots the stress-strain behavior of longitudinal-machined samples tested at 
confining pressures of 20-60 psi. The triaxial strength of foam appears to be higher in the 
longitudinal than the transverse direction. This observation is consistent with the evaluation of 
unconfined compressive strength.  
 
 Table 2.1 lists the tests conducted on all the samples. Raw data are presented in 
Appendix 2. The major principal failure stresses are calculated as a function of confining 
pressures for the transverse- and longitudinal-machined samples. The results do not exhibit 
distinct dependency on the level of confining pressure. No distinct shear failure planes were 
observed in any of the tested samples. 
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FIGURE 2.11  Stress-strain variations for transverse machined urethane foam 

at varying confining pressures 
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FIGURE 2.12  Failed urethane foam sample during triaxial test (left) 
compared with an untested sample (right) 
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FIGURE 2.13  Stress-strain variations for longitudinal machined urethane 

foam at varying confining pressures 
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TABLE 2.1  Results of triaxial test conducted on urethane foam machined 
in transverse (H) and longitudinal (V) directions 

Sample No 
Confining Pressure 

(psi) (σ3) 

 
Axial Stress at 
Failure (psi) 

(σ1 - σ3) 

Major Principal 
Stress (psi) 

(σ1) 
 

H 6 
 

10 
 

15.2 
 

25.2 
H 2 20 13.6 33.7 
H 1 30 8.4 38.4 
V3 20 20.9 40.9 
V4 20 27.9 47.9 
V5 20 19.4 39.5 
V2 40 13.4 53.4 
V1 60 14.2 74.3 

 
 

 The results from the triaxial tests were unexpected, in that the foam material lost strength 
with increased confining pressure. As shown in Fig. 2.12, samples failed by buckling and not by 
shearing or crushing. The increased confining pressure apparently increased the stress upon the 
foam structure and induced a buckling type failure. This failure type was not observed in the 
unconfined compression tests. Because of this different behavior, the results were recorded and 
discussed with BJC personnel. BJC decided that conditions under which the samples failed were 
not representative of field conditions and precluded any further triaxial testing. 
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3  EFFECT OF TEMPERATURE ON THE MECHANICAL 
PROPERTY OF URETHANE FOAM 

 
 The compressive strengths of urethane foams per ASTM D 1621 standards were 
measured as a function of test temperature. The purpose of this test was to determine the baseline 
strength at a selected temperature. The temperatures were 23°C (73°F), 70°C (158°F), and 90°C 
(194°F). It is recognized that under landfill conditions such high temperatures will not be seen.  
 
 These tests were conducted in a furnace mounted on the Instron Universal Testing 
System (as shown in Fig. 3.1). Samples were loaded after the furnace temperature stabilized for 
10 min. The loading rate was 0.24 in./min. Strength as a function of sample deflection was 
recorded. At least three samples were tested at each of the three test temperatures. All tests were 
for transverse-oriented samples. 
 
 Figure 3.2 shows the variation in strength as a function of test temperature. With 
increasing temperature, compressive strength drops. From an average value of about 31 psi at 
room temperature, strength declines to 19 psi for samples tested at 90°C (194°F). The decrease in 
strength at elevated temperatures is probably due to polymer softening [2, 3].   Raw data is 
presented in Appendix 3. 
 
 

 
FIGURE 3.1  Set-up for high-temperature compression 
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4  THERMAL AGING EFFECTS ON URETHANE FOAM 
 
 
4.1  EFFECT OF TEMPERATURE AGING ON THE STRUCTURAL INTEGRITY 
       OF URETHANE FOAM 
 
 The structural integrity of urethane foam was established as a function of temperature and 
time by the test method specified in ASTM D 2126 (Standard Test Method for Response of 
Rigid Cellular Plastics to Thermal and Humid Aging). Compressive-strength samples (2.3-in. dia 
× 2.3-in. long), machined in the transverse direction, were placed in ovens, as shown in Fig. 4.1. 
Samples were exposed at 70°C ± 2°C (158°F) and 90°C ± 2°C (194°F) for various intervals: 
24 h, 1 week, 2 weeks, 30 days, and 60 days. Humidity for these exposures was laboratory 
ambient. At the conclusion of each exposure, three samples were examined for any visual 
changes, as well as density and strength. Before the compression test, samples were conditioned 
at laboratory ambient (approximately 23°C/73°F, 50% RH) for at least 24 h. Dimensional, 
weight, density, and appearance changes were recorded and are provided in Appendix 4. 
 
 Figure 4.2 shows the variations in the sample density as a function of temperature and 
time of aging. For the initial 14 days of exposure, the density changes for the three samples 
tested at each temperature showed ±2% change. All weight and dimensional measurements were 
made after the samples had been cooled to room temperature and conditioned at laboratory 
ambient for 24 h. However, for longer exposure times (30 and 60 days), density mostly showed a 
reducing trend, with decreases as high as 6% for the 90°C (194°F) exposure.  This lower density 
is probably due to sample dimension changes and any further foam polymerization that occurs 
with increasing temperature. No change in surface appearance was observed for any of the 
samples. 
 
 

 
FIGURE 4.1  Oven used for aging studies of urethane foam 
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 Figure 4.3 shows the compressive strength measured on samples aged at 70°C (158°F) 
and 90°C (194°F) in air for 1 to 60 days. As shown, with increasing aging time, the compressive 
strength increases over the as-received strength of 30 psi. Compressive strengths reach as high as 
40-50 psi (or a 33% increase). However, no significant effect of the aging temperature on the 
compressive strength appears to occur for longer periods of aging. Apparently, during high-
temperature exposure, any unreacted polymer precursor undergoes polymerization, thereby 
increasing the compressive strength of the foam. No effort was made to establish this effect 
conclusively as part of this study. 
 

-8

-6

-4

-2

0

2

4

6

0 10 20 30 40 50 60 70

Urethane Foam
Temperature Aging - Dry

70° C & 90° C

%
 D

en
si

ty
 C

ha
ng

e

Days  
FIGURE 4.2  Density variation with high-temperature dry aging at 70°C (158°F) 

(circles) and 90°C (194°F) (squares) 
 
 



 19  

 

10

20

30

40

50

60

0 10 20 30 40 50 60

Air aging 70°C
Air aging 90°C

S
tre

ss
 (p

si
)

Time (Day)  
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aged at 70°C (158°F) and 90°C (194°F) in air 

 
 
4.2  EFFECT OF WATER IMMERSION ON STRUCTURAL INTEGRITY 
       OF URETHANE FOAM 
 
 Effect of water on the structural integrity of urethane foam was determined as a function 
of temperature and time by following procedures similar to those in ASTM D 870-02 (Standard 
Practice for Testing Water Resistance of Coatings Using Water Immersion). Compressive 
strength samples (transverse-machined) were placed in deionized water at 23°C (73°F), 70°C ± 
2°C (158°F), and 90°C ± 2°C (194°F). Figure 4.4 shows the containers in which the samples 
were placed. Samples were exposed at the above conditions for 24 hours, 1 week, 2 weeks, 
30 days, and 60 days. At the conclusion of each exposure, three samples were tested under 
ambient laboratory condition (23°C, 50% RH) after drying of samples in a vacuum drying oven. 
Before the mechanical tests, samples were conditioned at the laboratory ambient condition for at 
least 24 h. Dimensional, weight, density, and appearance changes were recorded and are 
provided in Appendix 4. 
 
 Density changes were most significant for the samples exposed to 90°C (194°F), as 
shown in Fig. 4.5. The density of urethane foam was found to reduce significantly (by 5-15%) 
within the first few weeks and thereafter did not change. For the 23°C (73°F) and 70°C (158°F) 
exposures, the density reduction was much less than that of the 90°C exposure.  
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FIGURE 4.4  Samples for room-temperature water immersion test 

 
 

-20

-15

-10

-5

0

5

0 10 20 30 40 50 60 70

Wet_23°C
Wet_70°C
Wet_90°C

D
en

si
ty

 C
ha

ng
e 

(%
)

Time (Days)  
FIGURE 4.5  Density variation with wet aging at various temperatures 



 21  

 

Figure 4.6 shows the compressive strength of the urethane foam measured after wet aging 
for various intervals at room temperature, 70°C (158°F), and 90°C (194°F). As observed for dry 
aging, the compressive strength initially increased. For longer exposures, strength did not 
degrade. For the 60-day exposure in water at 70°C (158°F) and 90°C (194°F), the compressive 
strength was about 30 psi, which is similar to that for as-received urethane foam in the transverse 
direction. Thus, no noticeable degradation occurred over the 60-day exposure of urethane foam 
in water. Tests at 70°C and 90°C were continued for 90 days, and the results were similar to 
those of the 60-day tests (attached in Appendix 4). 

 
As a result of the long-term water exposure, the urethane foam samples exhibited some 

change in color, as shown in Fig. 4.7. This discoloration was quite apparent for the 90°C (194°F) 
samples. The color change appears to be due to interaction between water and polymer [4]. 
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FIGURE 4.7  Wet aging samples after 60-day exposure. Samples at 90°C  
(194°F) showed change in color (foreground) compared to 23°C (73°F) 

and 70°C (158°F) samples (background) 
 
 
To summarize the elevated-temperature aging tests,  
 
• The urethane foam compressive strength does not appear to degrade in air or 

water.  
 
• The reduction in the density of the post-water-aged samples was primarily due 

to dimensional changes; however, the compressive strengths were as high as 
those of the as-received material. 

 
• These aging tests indicated that temperature does not accelerate the aging of 

urethane foam as determined by compressive strength measurements. 
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5  EFFECT OF THERMAL CYCLING ON STRUCTURAL INTEGRITY OF 
URETHANE FOAM 

 
 The purpose of this test was to gain insight into how the urethane material responds to 
thermal excursions. This test was conducted to assess urethane foam material’s response to the 
thermal cycling that it may encounter prior to burial. However, this test is not intended to provide 
a quantitative measure of the service life. Freeze-thaw cycling tests were conducted on the 
urethane foam samples between -5°C ± 3°C (23°F) and 50°C ± 3°C (122°F) for 30 cycles in air. 
Hold times were 16 h at -5°C (23°F) and 8 h at 50°C (122°F). Ramping between the 
temperatures was within 2 h. Both wet and dry test protocols were employed per ASTM D 6944-
03 (Standard Test Method for Resistance of Cured Coatings to Thermal Cycling). Five samples 
(2.3 in. dia. × 2.3 in. long) were tested for compressive strength in a freeze-thaw temperature 
cycling chamber. All the test samples were transverse machined. After exposure, dimensional, 
weight, density, and appearance changes were recorded. Compressive strength tests were 
performed and compared with the baseline data to determine any degradation. 
 
 Figure 5.1(a) shows the ESPEC Model ECT-2 thermal cycling chamber that was used for 
freeze-thaw cycling. Figure 5.1(b) shows the interior of the chamber with samples. For wet 
thermal cycling, five samples were soaked in water and placed in a plastic bag to retain the 
moisture in the sample. At the freezing temperature, a thin coating of ice formed on the samples 
placed in the bag. For dry cycling, five samples were kept open in the chamber environment.  
 
 Figure 5.2 shows the variation in density of five urethane foam samples prior to the tests 
compared to dry freeze-thaw cycling after 30 days. Within the standard deviation, the densities 
are the same before and after dry thermal cycling. 
 
 Figure 5.3 shows the compressive strength plots of the urethane foam after 30 days of dry 
freeze-thaw cycling. The average strength for the five samples tested was 35.9 ± 7.4 psi. These 
values are quite similar to the as-received transverse compressive strength of the foam of 31 psi, 
as shown in Fig. 2.8. Thus, dry freeze-thaw cycling between -5°C and 50°C (23°F-122°F) for 30 
cycles does not degrade the compressive strength of the urethane foam material. 
 
 Figure 5.4 shows the density change after the wet thermal cycling. Again, based on the 
standard deviation, the density did not change after 30 days of wet thermal cycling. Figure 5.5 
shows the compressive strength plots of the urethane foam after 30 days of wet thermal cycling. 
The average strength for the five samples was 35.6 ± 3.3 psi, which is quite similar to the as-
received transverse compressive strength of the foam of 31 psi, as shown in Fig. 2.8, and to the 
dry thermal cycling results, as shown in Fig. 5.3. Thus, wet freeze-thaw cycling between -5°C 
and 50°C (23-122°F) for 30 cycles does not degrade the compressive strength of the urethane 
foam material. 
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(a) 

 
 

 
(b) 

FIGURE 5.1  (a) Freeze-thaw cycling chamber and (b) Interior of the chamber 
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FIGURE 5.2  Change in urethane foam density during dry freeze-thaw cycling 
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6  COMPRESSION PROPERTIES OF URETHANE FOAM 
 
 The last of the engineering properties of the foam to be investigated was confined 
compression. Since the foam will be confined in the landfill and the major principal load will be 
applied vertically, a consolidometer test was run to investigate the vertical compressive 
properties of a laterally confined sample. For this testing, a consolidometer device borrowed 
from geotechnical testing was used. Samples were tested by the standard method given in ASTM 
D-2435  (“Standard Test Methods for One-Dimensional Consolidation Properties of Soils Using 
Incremental Loading”), adjusted to investigate the properties of the foam under compressive 
loads.  
 
 Foam samples were cut to fit inside the confining ring (2.5-in. dia, 1-in. high), pore 
stones were placed on the upper and lower surfaces, and the foam sample was set in a dry state 
into the consolidometer. A typical machine setup and sample are shown in Fig. 6.1. Samples 
were loaded by pneumatic piston, and recordings of deflection (strain) with time were made for 
various applied stresses. The increments of time and loading typically used for soils were not 
rigorously followed, as the behavior of the foam is not related to the drainage rate of the sample.  
 
 Foam samples with density of approximately 3.1 pcf were tested initially. The tests were 
run on 3.1-pcf foam at load increments of about 15 psi (1.1 tsf), with readings of deflection 
recorded at increments of time until no further change in deflection was observed (as shown in 
Fig. 6.2) in a reasonable period of time (few hours). For each load increment, a stress-strain plot 
was then created by plotting the strain at the last reading for that load vs. the applied load. The 
raw data are presented in Appendix 5. As can be seen in Fig. 6.3(a) and (b), the foam generally 
showed resistance to strain under light loads, crushed under moderate loads, and ceased to strain 
appreciably more under successively higher loads. The maximum strain obtained on any sample 
was about 60% strain. Comparison of Figs. 6.3(a) and 6.3(b) indicates a degree of anisotropy – 
the longitudinal-oriented samples were always more resistant to crushing than the transverse-
oriented samples.  
 
 Results from the 3.1 pcf foam showed higher compression than desired for use by the 
project (as indicated by BJC). Under the maximum EMWMF load of 75 psi, the measured strain 
was on the order of 50 to 60%. Owing to the failure of the foam to support the higher loads, we 
did not subject this foam to creep testing. 
 
 Because the foam failed to support the potential overburden loads for the landfill, BJC 
decided to add other more-dense foams to the study. They anticipated that more-dense foams 
should provide higher unconfined strength and greater resistance to crushing under the axial 
compressive loading.  However, the other properties investigated for the 3.1-pcf foam (as 
described above) are judged to be appropriate, if the higher density foam has the identical 
chemical makeup as the 3.1-pcf foam. 
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(a) 

 

 
(b) 

FIGURE 6.1  (a) Consolidometer set-up and (b) foam sample in rigid ring 
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FIGURE 6.2  Typical compression vs. time plots obtained during a consolidation 
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FIGURE 6.3  Consolidation behavior (volumetric strain) of urethane foam in 
(a) transverse and (b) longitudinal directions 

 



 31  

 

7  COMPRESSION BEHAVIOR OF HIGHER DENSITY FOAMS 
 
 The 3.1-pcf foam showed acceptable performance for long-term burial in the EMWMF 
landfill, except for compression resistance. BJC recognized this deficiency and decided that 
Argonne should investigate denser foam materials. Four new batches of foams were fabricated 
by NCFI and shipped to ANL. As before, the foam samples were cylindrical (about 8-in. dia and 
4-ft length). These foams had the following designations as provided by NCFI: 
 
 A: 63-122 (approx. density of 5 pcf)  
 B: 63-35 (approx density of 7 pcf) 
 C: 63-122 (approx. density of 5 pcf) 
 D: 65-34-2 (same reactivity profile as current 21-011, approx. density of 4 pcf) 
 
 NCFI indicated that the above four foams were fabricated by mixing of two components: 
resin and polymeric isocyanate in a ratio of 1:1 by volume [5]. According to NCFI, higher 
density foams were fabricated by changing the proportion of the blowing agent, which in above 
foams was water. Other ingredients such as catalyst and surfactants were same. In addition, 
NCFI indicated that the compositional makeup of the higher density foams was same as the low 
density (3.1 pcf) originally supplied [5]. Per NCFI, difference between foams A and C was in the 
amount of catalyst added and it was minimal (on the order of a fraction of a percent).  
 
7.1  BASELINE CHARACTERIZATION 
 
 The four new foam samples were reported to have higher density as compared to the one 
(3.1 pcf) used for the aging studies as discussed previously. Nevertheless, baseline 
characterization for density and compression was conducted on all four foams. In addition, for 
compressive strength, tests were conducted in the transverse (T) and longitudinal (L) directions 
in accord with the ASTM 1621 standard. Figure 7.1 shows the compressive strength of the four 
foams (designated A-D). Clearly, these foams have significantly higher strength than the original 
foam. Foam B was the best performer in both the transverse and longitudinal directions. The 
average compressive strengths of foam B in the longitudinal and transverse directions were 193 
± 7.4 psi and 116 ± 3 psi, respectively. Appendix 6 contains the raw data. 
 
 Figure 7.2 shows the compressive strength as a function density for foams A-D. Bars 
indicate the standard deviation. As expected, the compressive strength for all the foams depends 
on the density and increases with increasing density. Anisotropy is evident in the density data. 
Also, for the four foams, the measured density values were slightly lower than those designated 
by the foam manufacturer, NCFI. 
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FIGURE 7.1 Compressive strength of foams tested for consolidation behavior 
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FIGURE 7.2  Compressive strength vs. density behavior of foams tested 
for consolidation behavior 
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7.2  COMPRESSION TESTING OF HIGHER DENSITY FOAMS 
 
 ASTM Standard D 2435-03 (Standard Test Method for One-Dimensional Consolidation 
Properties of Soils Using Incremental Loading) was followed for determining the compression 
characteristics of the higher density foams. In these tests, the samples were prepared and set up 
in the consolidometer as described before, and the deflection (or strain) was measured under a 
fixed stress after either (a) 30 min, followed by application of the next higher stress, or (b) 3 to 6 
h, followed by application of the next higher stress. The compression (deflection) of the sample 
at different time periods was then recorded. This procedure was continued until no additional 
consolidation was observed at a particular stress in a several hour period. Data were represented 
as a function of strain and applied stress. Each of the four foams was tested in the transverse (T) 
and longitudinal (L) orientations. All of the samples were tested under dry laboratory conditions. 
 
 The stress-strain results for foams A-D are shown in Figs. 7.3(a-d). Initially, as normal 
stress increased, volumetric strain increased, but after a critical normal stress, a drastic change 
occurred in the volumetric strain. This behavior was observed with both the longitudinal- and 
transverse-cut samples. The large increase in volumetric strain could be due to the crushing of 
the foam cells. In general, for all the foams investigated, longitudinal-cut samples performed 
better (less consolidation) as compared to the transverse-cut samples. These results indicate that 
for many samples, the longer hold times at a particular stress decrease the stress under which 
initial crushing of the foam occurs. 
 
 In Figs. 7.3(a-d), the lines with arrowheads indicate 10% strain and 75 psi (5.4 tsf) stress, 
the allowable strain under the maximum EMWMF design load for the foam [6]. This stress 
corresponds to a maximum disposal depth of 90 ft based on a soil density of 120 pcf. Based on 
this preliminary screening and guidance from BJC, it was decided that foams C and D did not 
meet the criteria and were dropped from further investigation. 
 
 
7.3  CREEP TESTING  
 
 Because the foams are gas-filled cells, their long-term performance under load is of 
concern. Literature data on Confor polyurethane foam indicate that its creep behavior depends on 
the applied stresses [7]. At moderate stresses, the creep behavior shows an initial collapse of 
cells at 10% and then densification resulting in a strain of 60%. The creep process in Confor 
urethane foam has been related to the inhomogeneous distribution of strains at the localized foam 
cell level [7]. 
 
 The curves in Fig. 7.3 show that the compressive behavior of the foams is time 
dependent. With longer hold times, at a particular stress, the crushing stresses or failure stresses 
decrease. 
 
 To establish the time-dependent compression (or creep) behavior, foams A and B were 
subjected to confined compression tests (as described above) in which a fixed stress was applied, 
and their deformation/strain was monitored as a function of time. Tests were conducted on  
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FIGURE 7.3 Compression behaviors (volumetric strain) of urethane foams A, B, C, and D 
as a function of applied stress and hold times 
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samples machined in the transverse and longitudinal directions for the two foams. Because of the 
ORR application of the foam, only confined compressive properties were evaluated. 
 
 Two stresses were investigated for foams A (4.6 pcf) and B (6.6 pcf): 75 psi (5.4 tsf), 
comparable to 90 ft of overburden, representing the deepest possible burial in the landfill, and 64 
psi (4.6 tsf), or 15 % less.  
 
 The 64 psi (4.6 tsf) tests were performed first. In these tests, the trimmed samples were 
set in the consolidometer as described above, and a single constant load was applied. Deflection 
(strain) was recorded at regular time increments, beginning at ½ min and doubling up to a day, 
after which daily increments were used. Figure 7.4 shows the strain as a function of time for 
foams A and B in their transverse and longitudinal directions. The tests were run until the load 
had been applied for about 400 h, or the foam crushed (as was the case for samples AT4 and 
AT5). Foam B performed significantly better in both directions. Raw data are presented in 
Appendix 6. 
 
 Based on the creep tests at 64 psi (4.6 tsf), only foam B samples were tested at 75 psi 
(5.4 tsf). These tests generally followed the methods from ASTM D-2990 (Standard Test Method 
for Tensile, Compressive, and Flexural Creep and Creep Rupture of Plastics) and guidance from 
BJC. It should be noted that this ASTM standard does not include foam materials and confined 
creep testing. Two samples from each orientation (samples BT5, BT6, BL5, and BL6) were 
tested for > 1000 h, with creep readings taken approximately daily. These samples were tested in 
a confined state. 

 
 Figure 7.5 shows the creep deformation of foam B in both directions, i.e., longitudinal 
and transverse. All the samples had a large initial deformation (3-6%). Subsequently, the 
deformation rate decreased. Samples BT5 and BL5 were tested for 1800-2000 h, and the 
cumulative strains for longitudinal and transverse directions were approximately 4.2% and 6.2%, 
respectively. For samples BT6 and BL6, tests were run for >1800 h, and the cumulative strains 
for longitudinal and transverse orientations were 6.2% and 7.8%, respectively.  The differences 
in the two data sets reflect sample-to-sample variability. Furthermore, in both cases, transverse-
cut samples deformed more than the longitudinal-cut samples. It appears that Foam B satisfies 
BJC’s requirement of <10% strain over a 1000-h test [6]. Understanding the creep behavior, 
underlying mechanisms, and long-term creep prediction were beyond the scope of this study. 

 
 In summary, foam B (6.6 pcf) appears to satisfy the compressive characteristics required 
for EMWMF [6]. The foam deforms <10% at 75 psi for a hold time of at least 1800 h.  
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8  BIODEGRADATION OF URETHANE FOAM 
 

 Polyurethane (PU) is widely used in many remediation applications, such as a physical 
barrier to prevent direct contact between hazardous compounds and the external environment. 
The resistance of the protective PU to microbial attacks is vital to prevent the release of 
hazardous compounds into the environment. Polyurethane damaged by microbial attacks can 
allow slow release of hazardous compounds to the environment (short-term release). If a 
significant portion of the PU is damaged by microbial attacks, the release of hazardous material 
into the environment could occur by diffusion (long-term release). The biodegradation of PU is 
due to utilization of PU as a carbon and/or nitrogen source by microorganisms. However, the fate 
and bioavailability of PU in the environment are not known very well. A better understanding of 
the bioavailability of PU is a key issue for the long-term integrity of the PU structure. On the 
other hand, assessing the environmental half-life of PU is difficult due to the need to measure 
many properties in the soil environment. 
 
 Furthermore, the lack of information on the environmental half-life of PU could limit its 
use in the remediation of polluted sites, such as those contaminated with radionuclides. 
Therefore, the environmental life of PU is a critical issue and needs to be investigated. Since PU 
is not a single, homogeneous material, the effects of chemical composition and physical 
properties on its degradation are very significant. 
 
 In this effort, the project team conducted laboratory experiments to determine the 
environmental half-life and biodegradation of PU in the laboratory. The main objectives were the 
following: 

 
• Determine the bioavailability of PU as a carbon and/or nitrogen source under 

anaerobic conditions in batch, sequencing batch, and packed bed reactors 
using anaerobic inocula from soil and wastewater sludge. 

 
• Determine the degree of PU deterioration by chemical and physical analysis 

and bioassays.  
 
• In the event the PU samples used are bioavailable, determine the pseudo-first-

order degradation rate constant of PU. 
 
The research approach involved studying the following for PU biodegradation: 

 
• Biodegradability of PU plugs (shake flask and continuous-flow reactor 

experiments): C source, N source, and C/N source. 
 
• Change in the mechanical properties of PU plugs (tensile strength). 
 
• Change in the weight of PU plugs. 
 
• Change in the chemical structure of PU plugs (as determined by Fourier 

transform-infrared technique). 
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• Growth assay in the presence of PU plugs (bacterial count).  
 
• Determination of degradation kinetics of PU. 

 
 
8.1  LITERATURE REVIEW 

 
 The literature on PU biodegradation is limited and is often specific to the properties of 
the PU foam under consideration. This section presents a brief summary on PU biodegradation 
and its dependence on PU chemistry and structure. A more detailed review of the literature on 
PU structure, chemical composition, and degradation due to physical, chemical, and biological 
mechanisms is presented in Appendix 7. Polyurethanes are synthesized from three basic 
components: a diisocyanate, a polyglycol, and an extender, usually a low-molecular-weight diol, 
diamine, or water. Polyurethanes are produced using low-molecular-weight prepolymers, i.e., 
various block copolymers. The terminal hydroxyl group allows for alternating blocks, called 
“segments,” to be inserted into the PU chain. Blocks providing rigid crystalline phase and 
containing isocyanate and the chain extender are referred to as “hard segments.” Those yielding 
generally either a noncrystalline or low-crystallinity phase and containing polyester/polyether are 
called “soft segments.”  
 
 One of the factors that determine the properties of the polymer is the ratio of hard and 
soft segments. Generally, the hard segment contributes to hardness, tensile strength, impact 
resistance, stiffness, and modulus. The soft segment contributes to water absorption, elongation, 
elasticity, and softness. Modification of these segments might result in changes in the degree of 
tensile strength and elasticity. Hence, it is possible to produce versatile PU polymers whose 
properties can be easily modified by varying their molecular structures of soft segment and hard 
segment [8]. 
 
 Physical, chemical, and/or biological degradation of PUs is possible. The chemical and 
physical degradation of polymers implies that microorganisms, macro-organisms, or enzymes are 
not present, and that the aging is totally dependent on physical, chemical, and/or mechanical 
influences. Microbial degradation can mainly be divided in two big blocks: the urethane bonds 
and the polyol segments because they are the major constituents of PU.  
 
 The first study of PU biodegradability was reported in 1966 by Ossefort and Testroet [9]. 
As soon as the properties of PUs are modified, the tensile strength and elasticity change, 
determining the accessibility to degrading enzyme systems [10,11]. It has been reported that 
polyester PUs are more biodegradable than polyether-type PUs [12]. However, comparing the 
different results given by each researcher is very difficult because the PU type and the 
microorganism type are different for each study. Many reports can be found on PU 
biodegradation in the laboratory under controlled conditions, especially on biodegradation of 
polyester PU by microorganisms (the main attention has been devoted to fungi) [13]. The 
literature results mostly come from lab studies, in many cases, providing additional nutrients to 
microorganisms. The successful cases of PU biodegradation suggest that it requires highly 
concentrated enzymes. No study has been published on the biodegradation of PU in the 
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environment. Yet, field studies are necessary in assessing the benefits and obstacles associated 
with the use of PU as insulator material for bioremediation applications in the environment. 
 
 
8.2  MATERIALS AND METHODS 
 
 The PU bio-deterioration was assessed by bioavailability assay using batch shake flasks 
and soil reactors, as well as continuous-flow soil and sludge bioreactors. The microbial 
deterioration of PU was determined by measuring the physical properties (weight loss, tensile 
strength) of PU plugs before and after bioassays. Also determined was the chemical structure by 
Fourier transform infrared spectroscopy (FT-IR) and the growth of micro-organisms  by 
microbial counts.  
 
 
Material 
 
 The tested PU material was supplied by NCFI Polyurethanes Company (Mount Airy, 
NC). The chemical composition of the foam product can be summarized as follows (based on a 
fax report from the company): 
 

• Polymeric MDI (50% by volume) 
 
• Polyether polyol: 700 MW (molecular weight); 4,5 functional; propoxylated 

sucrose and glycerin (19% by volume) 
 
• Polyesther polyol: 350 MW; 2,2 functional; aromatic ester (10% by volume) 
 
• Polyether polyol: 320 MW; 3 functional; propoxylated aromatic amine (7% by 

volume) 
 
The remainder of the composition was made up of plasticizer, fire retardant, surfactant, catalysts, 
and blowing agents. 
 
 
Preparation of PU Plugs 
 
 The solid blocks of PU were cut into dumb-bell-shaped plugs (4 in. × 1.4 in. × 0.7 in., or 
10.2 cm × 3.5 cm × 1.8 cm) to increase the contact area with the microorganisms in the 
bioreactors. The PU plugs were pre-treated by washing once in ethanol and twice in distilled 
water. Then, the plugs were dried at 50oC (122oF) overnight to a constant weight after cooling 
under desiccation. This temperature was chosen to minimize the loss of volatile matter while 
drying of moisture.  
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Microbial Growth Media 
 
 The composition of the basal medium used is described by Nakajima-Kambe et al. [13], 
where glucose and/or ammonium nitrate are omitted when PU is supplied as a sole carbon and/or 
nitrogen source (Table 8.1), respectively. 
 
 
Bioavailability Studies 
 
 A series of batch cultures was set up to screen the PU biodegradation ability of an 
anaerobic sludge inoculum and to monitor the degradation of PU. In batch growth assays, two 
plugs (4 in. × 1.4 in. × 0.7 in., or 10.2 cm × 3.5 cm × 1.8 cm) were placed in 1000 mL flasks 
containing 400 mL synthetic medium prepared according to the composition in Table 8.1 (~10 g 
per liter). Each shake flask was inoculated with 2.0 g of digester sludge from a local wastewater 
treatment plant. The sludge contained both hydrolytic and methanogenic microbial cultures 
maintained under anaerobic conditions. The PU bioavailability assay was performed in a defined 
basal medium in which PU and other alternative carbon and nitrogen compounds served as 

sources of carbon and/or nitrogen. Growth tests were performed under nine conditions as 
summarized below: 
 

1. PU was sole source of carbon and nitrogen (ammonium nitrate and glucose 
omitted). 

 
2. PU was sole source of carbon (an alternative nitrogen source, ammonium 

nitrate, was added; glucose omitted). 
 
3. PU was sole source of nitrogen (an alternative carbon source, glucose-acetate, 

was added; ammonium nitrate omitted). 
 
4. PU as well as added sources of carbon (glucose-succinate) and nitrogen 

(ammonium nitrate) was used. 
 
 

TABLE 8.1  Composition of the 
basal medium (pH=7.2) 

Component 
Amount 

mg/L 
KH2PO4 2,000 
K2HPO4 7,000 
NH4NO3 1,000 
Glucose 3,750 
MgSO4. 7 H2O 100 
ZnSO4. 7 H2O 1 
CuSO4. 7 H2O 0.1 
FeSO4. 7 H2O 10 
MnSO4. 7 H2O 2 
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5. Only added nitrogen (ammonium nitrate) and carbon (glucose-succinate) 
sources were available (PU was not present) (positive control). 

 
6. Nitrogen sources were not present, but alternative carbon (glucose-succinate) 

sources were added (negative control).  
 
7. Carbon sources were not present, but alternative nitrogen (ammonium nitrate) 

sources were added (negative control). 
 
8. Carbon and nitrogen sources were not present, but inoculum was present 

(negative control).  
 
9. PU was the sole source of carbon and nitrogen, but no inoculum (negative 

control).  
 
Flasks were purged for 5 min with 50 cm3/min of a 99.0% N2 gas to remove dissolved 

oxygen and to maintain anaerobic conditions during the experiments. Before the analysis, flasks 
were initially connected to a trap system to relieve any excess gas pressure in the flasks and to 
trap off-gas. The flasks were shaken on a platform placed on a mechanical shaker. After the 
flasks were shaken for the required time, the cylindrical PU plugs were removed, and the flask 
contents were centrifuged for further analysis. The experiments were run for 2-6 weeks at room 
temperature (~25oC) with negative and positive controls. 
 
 
Continuous Reactor Experiments 

 
Two accelerated continuous-flow reactors were employed as follows: 

 
1. A Sequencing Batch Reactor (SBR) was operated with suspended bacteria 

taken from an anaerobic digester using PU plugs as carbon and/or nitrogen 
source in the bioreactor.  

 
2. An Upflow Packed Bed Reactor (UPBR) was operated with a bacterial 

suspension from the Oak Ridge (Tennessee) soil. The PU plugs served as 
packing material as well as carbon and/or nitrogen source. 

 
 The bioreactors were operated under anaerobic conditions and were allowed to develop 
anaerobic conditions before the addition of PU plugs by purging with N2 gas. The bioreactors 
were made of two identical cylindrical flasks with a 2.5-L working volume and were operated 
under the same conditions. Thirteen PU plugs were placed in a wire basket inside each reactor. 
The SBR was operated with sequential 24-hour cycles at 2-day hydraulic retention time (HRT) 
and 30-day sludge retention time (SRT). The UPBR was operated in the same conditions with 
SBR, such as 2-day HRT and 30-day SRT. The basal medium used during the bioavailability 
studies was pumped through each of the reactors to maintain 2-day HRT.  
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Soil Burial Experiments 
 

 Soil burial experiments were conducted by placing the PU plugs buried in field soils in 
laboratory containers. Three sets of 10 replicate PU plugs were buried for 10 weeks in 4-in. 
(10-cm)-deep covered containers filled with the Oak Ridge (Tennessee) field soil to obtain 
statistically significant data. The dumb-bell-shape plugs were buried horizontally at a depth of 
2 in. (5 cm) in soil to allow the development of anaerobic conditions to stimulate the 
environmental conditions in the field. Over the 10-week period, one plug was sacrificed each 
week to determine the extent of bio-deterioration from its physical and chemical properties.  
 
 
Analysis 

 
 Physical examination of PU plugs can be considered an important criterion for 
investigating their bio-deterioration [11]. Physical changes in the structure of PU more likely 
occur before complete degradation of PU takes place. The degree of deterioration of a sampled 
PU plug each week was assessed by measuring changes in selected physical properties, including 
tensile strength and weight loss after appropriate sample cleaning procedures.  

 
 

Weight Loss 
 
 PU degradation was monitored by measuring the weight of PU plugs before and after 
incubation in the soil containers. The PU plugs were taken out and washed with distilled water 
and ethanol to remove debris on the surface. Then, plugs were dried to constant weight overnight 
at 50oC (122oF) and weighed. The weight loss percentage was calculated as 

 

%Weight loss= 100o t

o

m m
m
−

×  

 
where mo is the initial weight of the plug, and mt is the final weight of the plug after degradation. 
 
 
Tensile Strength  

 
 Tensile strength is a measure of the force, generally given in pounds per square inch 
(psi), required to break the polymer plug. The tensile strength at the break point of a PU foam 
“dog-bone” plug was measured by ASTM D638 (Test Methods for Tensile Properties of Plastics, 
Philadelphia, Pennsylvania, pp. 401-404) using an Instron Universal Testing Instrument (Model 
4465) at a crosshead speed of 0.1 in./min and a constant stressing rate of 100 lbf/min. Other 
conditions included temperature of 23oC (73oF) and 50% relative humidity. The changes in 
tensile strength were determined from stress-strain curves. The sample size of the PU plug was 
10.2 cm × 3.5 cm × 1.8 cm (4 in. × 1.4 in. × 0.7 in.) following ASTM guidelines. The average 
tensile strength values and standard deviation of untreated PU plugs for statistical purposes are 
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given in Table 8.2. The standard error is approximately 12% because of the heterogeneous 
physical structure of untreated PU plugs. 
 

 
FT-IR Analysis 
 
 Before and after treatment, each PU foam plug was analyzed by Fourier transform 
infrared spectroscopy (Nexus FT-IR) equipped with a DTGS KBr detector (Thermo Nicolet, 
Madison, WI). Infrared spectra were collected every 1 mm along a diameter over the PU surface 
with a resolution of 4 cm-1 [14]. The FT-IR spectra were recorded over a range from 4000 to 
400 cm-1. Of particular interest were the ranges of 3600 to 2600 cm-1 and 1800 to 700 cm-1, 
where the major absorption bands of PU are assigned [15]. The FT-IR spectrum of the PU plugs 
was determined before and after each treatment. 

 
 

Growth Assay 
 

 The total number of anaerobic bacteria in the sample that have the ability to degrade and 
deteriorate PU plugs was determined by the Acridine Orange Direct Count (AODC) method [16] 
and expressed as number of cells per milliliter. Two milliliters of sample taken from the 
collected sample was stained with 0.2 mL of 0.1 % acridine orange. The stained bacterial 
mixture was incubated at room temperature for 1 or 2 min. Then, a treated filter paper 
(Osmonics, Polycarbonate Black 0.22-micron filter) was placed in a vacuum filter funnel, and 
the sample was filtered to obtain a better distribution of colonies on the filter paper. Next, the 
damp filter was placed on a glass microscope slide (2 cm × 5 cm, 0.8 in. × 2.0 in.) for analysis. 
The number of bacteria per millimeter area was estimated from a count of at least 5-6 randomly 
chosen microscope fields. The results were expressed as number per milliliter. 

 
 

TABLE 8.2  Tensile strength of untreated PU plugs 

 
Sample 

 
Size 

(in × in) 
Load 
(lbf) Tensile Strength (psi) 

1 0.495 
0.610 11.10 36.68 

2 0.495 
0.590 9.60 38.87 

3 0.490 
0.620 11.74 40.19 

4 0.505 
0.652 13.66 41.68 

5 0.495 
0.620 10.04 32.68 

  Average 38.02 
  Std. dev. 3.54 
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8.3  RESULTS AND DISCUSSION  
 

 The ability of microorganisms to use PU as the sole carbon and energy source and/or the 
nitrogen source was investigated during the bioavailability studies. Sample taken from an 
anaerobic sludge digester treating municipal waste was used as inoculum during the experiments. 
Anaerobic sludge is a complex biological environment in which microbial diversity is high and 
can show potential degradation of PU under anaerobic conditions, if it is possible. Soil burial 
experiments were designed to investigate the degradation of PU in the Tennessee soil, where PU 
foam will be used to contain hazardous materials to be placed in dedicated landfills. 
Additionally, in this research, two different continuous-flow reactor systems were studied to 
determine the potential biodegradation of PU and the degradation rate constant if the PU is 
biodegradable using anaerobic sludge and field soil inocula in the laboratory. An UPBR and 
SBR were used to simulate accelerated biodegradation of PU in harsh environments and, hence, 
to estimate the long-term integrity of the material by using short-term experimental results. 
Experimental protocols followed ASTM D 5247-92 (Standard Test Method for Determining the 
Aerobic Biodegradability of Degradable Plastics by Specific Microorganisms), ASTM D5509-96 
(Standard Practice for Exposing Plastics to a Simulated Compost Environment) and ASTM 
D5338-98 (Standard Test Method for Determining Aerobic Biodegradation of Plastics Materials 
under Controlled Composting Conditions). 
 
 
Test Material  

 
 Since the PU-producing company did not give the exact chemical composition of the PU 
on a mass basis for proprietary reasons, we could not precisely determine the hard and soft 
segment content of the tested PU material. However, based on the chemicals used for the 
synthesis (see Section 8.2), the PU foam can be considered as rigid. It is well known that the 
blend of polyisocyanates (MDI) and polyols of higher functionality polyethers and aromatic 
polyester results in high cross-link density [17] in the PU foams. This high crosslink density can 
play a significant role in PU foam resistance to microbial attacks because the degradation of PU 
occurs first in the soft segment, i.e., amorphous region [18]. 
 
 
Bioavailability Studies 
 
 The PU bioavailability assay was performed in a defined basal medium in which the PU 
and other alternative carbon and nitrogen compounds served as sources of carbon and/or 
nitrogen. Table 8.3 shows the weight losses with incubation time of treatment in the shake flasks. 
No weight loss was observed during the 2-6 week accelerated tests of bioavailability. Each data 
point in Table 8.3 is an average measurement of two PU plugs inserted in a flask. The weight 
loss of PU foam plugs ranged from 0.46 to 2.4%, which can be considered statistically negligible 
based on the weight loss of control samples during the experiments and also weight loss for 
untreated PU foams used for QA/QC experiments (see attachment after references in 
Appendix 7).  
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TABLE 8.3  Weight loss during bioassay experiments* 

Two weeks of bioassay 
 

 
Treatment 

 
% Weight Loss 

 
Control(Untreated) 

 
0.74 

PU(+)/ C-/ N- 2.40 
PU(+)/ C-/ N+ 1.21 
PU(+)/ C+/ N- 1.15 
PU(+)/ C+/ N+ 1.23 

 
 

Four weeks of bioassay 

 
Treatment 

 
% Weight Loss 

 
Control(Untreated) 

 
0.42 

PU(+)/ C-/ N- 1.11 
PU(+)/ C-/ N+ 0.63 
PU(+)/ C+/ N- 0.75 
PU(+)/ C+/ N+ 0.46 

 
 

Six weeks of bioassay 

 
Treatment 

 
% Weight Loss 

 
Control(Untreated) 

 
0.61 

PU(+)/ C-/ N- 0.78 
PU(+)/ C-/ N+ 0.90 
PU(+)/ C+/ N- 1.22 
PU(+)/ C+/ N+ 1.10 

 
*Notes: PU + or – indicates presence or absence of 
PU plug in the assay. C + or – indicates presence 
or absence of supplementary carbon. N + or – 
indicates presence or absence of supplementary 
nitrogen. 
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 The tensile strength of the treated PU plugs at break was used as the quantitative criterion 
for deterioration by the microorganisms under anaerobic conditions [19]. Degradation was 
assessed quantitatively by measuring changes in tensile strength at failure of dumb-bell-shaped 
PU plugs prepared according to ASTM D 638. The tensile strength of the plugs (Table 8.4) used 
as carbon and/or nitrogen sources during the bioavailability studies was the same as the tensile 
strength of untreated plugs (Table 8.2) (95% confidence limits). From tensile strength analysis of 
PU plugs, we concluded that no deterioration occurred on the surface of the PU foams during 
these bioassays. These results are important because it has been reported that mechanical failure 
of PU occurred before the weight loss [19, 20]; this finding suggests that weight loss 
measurement alone is not a reliable means to assess PU bio-deterioration. Our study showed no 
bio-deterioration of the PU plugs based on measurements of both weight loss and tensile 
strength.  
 
 FT-IR spectroscopy was used to monitor changes on the surface of PU foams due to 
microbial deterioration (Fig 8.1). FT-IR analysis of the PU plugs showed no change in the 
chemical signature of the PU foams and, hence, no deterioration on the surface of the PU foams 
due to the biological activity in the bioassays. These findings are important because degradation 
of PU is initiated at the surface of the PU foam and then penetrates into its solid structure [21]; as 
a result, the PU foam studied is further confirmed to be not susceptible to bio-deterioration such 
as might occur in a landfill. 
 
 Figure 8.2 shows the growth assay (AODC method) of the anaerobic bacteria during the 
4 and 6 weeks of bioassay, respectively, for various samples. The growth assay showed no 
significant growth of the bacteria in the polyurethane-supplemented medium compared to 
positive and negative controls. The obtained growth for each bioassay is < 10 for each tested 
condition. From Fig. 8.2, it can also be concluded that the increase in bacteria population during 
the 4-week bioassay ranged from 2.8 to 8.9 times the initial concentration and 5.3 times for the 
negative control, which contained only inoculum in distilled water. The bacterial population 
increase during the 6-week bioassay ranged from 1.3 to 4.5 times the initial concentration and 
2.4 times for the negative control containing inoculum in distilled water. The growth in negative 
controls was attributed to the used inoculum taken from the anaerobic digester containing high 
levels of nutrients that allow continued bacterial growth in these flasks.  
 
 From these experiments it can be concluded that bacteria did not use PU foam as either a 
carbon or nitrogen source under anaerobic conditions. Hence, the PU foam used in this study is 
probably not biodegradable under anaerobic conditions. 
 
 
Soil Burial Experiments 
 
 Three sets of 10 replicate PU plugs were buried for 10 weeks in containers containing the 
Oak Ridge soil (Tennessee) to gather statistically significant data. The dumb-bell-shape plugs 
were buried horizontally at a depth of 2 in. (5 cm) in the soil. Tensile strength and weight loss 
measurements, along with FT-IR analysis, were performed on test plugs that had been removed 
weekly. 
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TABLE 8.4  Tensile strength of treated plugs during bioassay experiments 

After two weeks of bioassay 
 

 
Treatment 

 
Load (lbf) Tensile Strength (psi) 

 
Control(Untreated) 

 
11.23 ± 1.60 

 
38.02 ± 3.54 

PU(+)/ C-/ N- 12.64 39.09 
PU(+)/ C-/ N+ 13.11 37.04 
PU(+)/ C+/ N- 12.57 35.18 
PU(+)/ C+/ N+ 12.46 34.97 

 
 

After four weeks of bioassay 
 

 
Treatment 

 
Load (lbf) Tensile Strength (psi) 

 
Control(Untreated) 

 
11.23 ± 1.60 

 
38.02 ± 3.54 

PU(+)/ C-/ N- 13.61 37.26 
PU(+)/ C-/ N+ 14.05 37.83 
PU(+)/ C+/ N- 14.37 40.14 
PU(+)/ C+/ N+ 14.13 38.10 

 
 

After six weeks of bioassay 
 

 
Treatment 

 
Load (lbf) 

 
Tensile Strength (psi) 

 
Control(Untreated) 

 
11.23±1.60 

 
38.02±3.54 

PU(+)/ C-/ N- 13.50 41.24 
PU(+)/ C-/ N+ 13.67 40.56 
PU(+)/ C+/ N- 13.28 39.31 
PU(+)/ C+/ N+ 12.77 39.26 

 
 
 Table 8.5 shows the cumulative weight loss in the PU plugs during the soil burial 
experiments. Dry weight analysis of 10-week treated samples showed no statistically significant 
weight loss, an average of 0.25% and standard deviation of ±0.28% within the 95% confidence 
interval. The data in Table 8.5 also show no distinct trend in the weight loss of the plugs with 
time. Thus, PU plugs do not appear to be affected by the potential biological activity in the soil. 
 

Tensile strength was measured weekly in the removed test plugs, and the results for the 
three runs are shown in Table 8.6. The changes in the tensile strength of the PU plugs are not 
statistically significant at the 95% confidence limit. 
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FIGURE 8.1  FT-IR spectrum of treated (single arrow) and untreated 
(double arrows) PU foams 

 
 
 Figure 8.3 shows the FT-IR spectrum of 10-week treated and untreated PU foam samples. 
The FT-IR signature of treated PU foams is the same as that of the control PU foam sample at 
the end of the 10 weeks. Similarly, no change in the FT-IR spectrum of the soil-buried samples 
was detected during the intermediate weeks of the 10-week experimental period. This finding 
indicates no deterioration of PU foam surface during the soil burial experiments. 
 
 On the basis of the weight loss measurements, tensile strength measurements, and FT-IR 
spectra of the PU plugs buried in the soil and the control samples, no bio-deterioration of the PU 
foam occurred due to indigenous microbial activity in the field soil under anaerobic conditions. 
 
 
8.4  CONCLUSIONS 
 
 The results obtained within the time span of these investigations show no biodegradation 
of PU foam used in this study under anaerobic conditions based on the following experimental 
results: 
 

• No change in the tensile strength of the PU plugs after biological treatment. 
• No observed weight loss of PU plugs after biological treatment. 
• No change in the FT-IR chemical signature of the PU plugs. 
• No growth of anaerobic bacteria using PU as either the carbon or nitrogen source. 

 
As a result of this investigation, the tested PU foam material could be considered as not 
biodegradable under anaerobic conditions. Based on literature, the blend of polyethylene and 
aromatic polyester is known to play a significant role in PU resistance to microbial attacks. The 
rigid foam used in this study is resistant to microbial attack due to its chemical and physical 
structure.
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a) Bacterial growth during the 4 week of bioassay 
 
 

b) Bacterial growth during the 6 week of bioassay 

FIGURE 8.2 Growth assay of the anaerobic bacteria during the bioassay 
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TABLE 8.5  Cumulative weight loss during soil 
burial experiments 

 
Weight Loss (%)  

Treatment 
Time (week) 

 
Run 1 

 
Run 2 

 
Run 3 

 
Control 

 
0.18 

 
0.18 

 
0.18 

1 0.10 0.20 0.0 
2 0.54 0.18 0.34 
3 0.88 0.41 0.12 
4 0.63 0.21 0.32 
5 0.15 0.65 0.64 
6 0.0 0.46 0.71 
7 0.29 0.83 0.14 
8 0.27 0.13 0.20 
9 0.09 0.25 0.11 

10 0.57 0.05 0.13 
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TABLE 8.6  Tensile strength of treated plugs during soil burial experiments 
 

Run 1 
Treatment 

Time (week) Load (lbf) 
 

Tensile Strength (psi) 
Control 11.23±1.60 38.02±3.54 

1 12.32 36.17 
2 13.77 37.53 
3 13.89 39.22 
4 12.63 36.81 
5 11.85 35.16 
6 12.41 35.74 
7 12.02 38.40 
8 12.55 38.98 
9 12.98 41.66 

10 12.71 38.61 
 

Run 2 
Treatment 

Time (week) Load (lbf) Tensile Strength (psi) 
Control 11.23±1.60 38.02±3.54 

1 13.74 38.99 
2 13.45 37.04 
3 14.20 38.73 
4 13.40 36.65 
5 12.60 39.36 
6 13.17 37.59 
7 12.72 37.30 
8 13.17 37.21 
9 12.58 37.40 

10 13.54 37.11 
 

Run 3 
Treatment 

Time (week) 
 

Load (lbf) Tensile Strength (psi) 
Control 11.23±1.60 38.02±3.54 

1 13.74 37.43 
2 14.60 39.95 
3 14.80 40.51 
4 13.23 36.74 
5 13.22 40.91 
6 12.76 36.06 
7 12.41 36.92 
8 13.07 36.93 
9 13.65 39.56 

10 12.33 39.35 
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 55  

 

9  RADIOLYTIC DEGRADATION OF URETHANE FOAM 
 
 An irradiation and testing campaign was conducted to ascertain the stability and 
durability of the foam with respect to the radiation emitted by the uranium that is expected to be 
present as a contaminant on the inner surfaces. The maximum level of contamination expected is 
2 g of 235U distributed uniformly on the inner surface over an 18-in. length of 8-in.-dia pipe. This 
study was conducted at Oak Ridge National Laboratory (ORNL). 
 
 Samples of the urethane foam were irradiated with the ORNL 60Co irradiator to a dose 
equivalent to that expected to be accumulated in 1000 years for both alpha and gamma radiation 
from the uranium contamination. Most of the radiation dose from the uranium is expected to be 
in the form of alpha particles reaching only the outer foam layer. Therefore, the surface of the 
polyurethane foam will absorb a much higher dose than the bulk of the sample, and most of the 
radiation damage will be confined to the surface. 
 
 The penetrating gamma rays from 60Co will reach the entire volume of the foam sample. 
To evaluate the radiation damage to the polyurethane surface, the entire sample was irradiated at 
the higher level of exposure typical of the surface. This very conservative approach gives a 
significant degree of confidence regarding the radiation stability of the polyurethane foam. 
 
 The physical properties of the urethane foam samples (microstructure, compressive 
strength, density, and porosity) were measured before and after irradiation. Additionally, gas 
generation from the foam was monitored during irradiation, and the head-space gases analyzed at 
the end. The properties measured included compressive strength, density, and porosity. 
 
 The overall conclusion from the irradiation and testing is that the foam did not suffer any 
significant degradation during the gamma irradiation equivalent to a “1000-year alpha and 
gamma dose” on the entire volume of the specimen and that gas generation was minimal. 
 
 Experimental details and results of this study have been published in a report entitled, 
“Radiolytic Degradation of Urethane Foam used for encapsulation of contaminated 
Components”, (ORNL/TM-2006/15). 
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10  CORROSION OF STEEL PIPES 
 
 Before exposure of the foam to significant loading within the landfill, the surrounding 
PGE must first structurally degrade. A corrosion study of the steel pipes thus becomes important. 
Our corrosion study was conducted in the simulated environments that are expected to exist over 
time within the EMWMF and accelerated aging conditions. 
 
 
10.1  MATERIAL AND EXPERIMENTAL PROCEDURE 
 
 An accelerated corrosion test, per ASTM standard, was conducted on an ASTM A53 
carbon steel coupon provided by BJC and shown in Fig. 10.1. The composition of this material is 
similar to that of the ASTM A285 steel that replaced the original ASTM 70-42 designation for 
the actual converter plate steel. Sample coupons are 1 in. × 1 in. (2.5 cm × 2.5 cm) with a 
thickness of 0.3 in. (7 mm). However, the samples were not flat and had a small curvature. The 
thickness of the sample corresponds to that of the wall of some actual pipes for disposal.  
 
 ASTM Method G 31 (re-approved 2004) (Standard Practice for Laboratory Immersion 
Corrosion Testing of Metals) was closely followed during the tests. Corrosion tests were 
conducted by suspending the sample coupons by a plastic wire in the corrosion fluid contained in 
a plastic container (Fig. 10.2). This was done to avoid any secondary corrosion sources. The 
corrosion fluid simulates the leachate composition at the disposal site. BJC provided the typical 
leachate composition [22], from which the corrosion fluid profile in Table 10.1 was developed. 
The mean pH of the solution was 7.6. The major anions were chloride, bicarbonate, and sulfate, 
and the major cations were magnesium and sodium. The ratio of solution volume to sample 
surface area was 0.20 ml/mm2. 
 
 Before placement in the corrosion cell, the sample was weighed (±0.5 mg accuracy), and 
its geometric dimensions were measured. Test temperature was used as the corrosion rate 
accelerant. The test temperatures were room temperature, 60°C (140°F), and 80°C (176°F). 
Different samples (three sets in duplicate) were exposed to the corrosion fluid for 2 to 180 days 
at a specific temperature. As-received samples were cut into smaller pieces for corrosion tests. 
Nominal sample dimensions were 0.8 in. × 1.0 in. × 0.3 in. (20 mm × 25 mm × 7 mm).  
 
 Longer exposure times were explored if no discernible corrosion was observed. At the 
end of the test period, samples were removed, cleaned in acetone, brushed when needed, and 
carefully dried and measured for any changes in weight. The cleaning procedure is vital to 
reliable results and was followed as outlined in the ASTM G 31 standard. Weight loss as a 
function of time was plotted at a fixed test temperature. 
 
 The weight loss (ΔW) data as a function of time were used to determine the corrosion rate 
in accord with ASTM standard G31. The corrosion rate in units of mm/year was calculated from 
the following equation:  

Corrosion Rate (CR) = ΔW/A t ρ 
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where A is the sample surface area, t is the exposure time, and ρ is the density  (7.9 g/cm3) of the 
steel. 

 
 

 
FIGURE 10.1  As-received ASTM 

A53 steel sample coupon 
 
 

 

FIGURE 10.2  Corrosion samples in leachate solution. 
Note the corrosion product at the bottom 
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TABLE 10.1  Compositional make-up 
of corrosion fluid 

 
Species 

 
Amount 

 
Deionized water 

 
2000 ml 

NaHCO3  443.4 mg 
MgSO4 313 mg 
MgCl2.H2O 75.4 mg 

 
 
10.2  CORROSION STUDY RESULTS 
 
 
10.2.1  Corrosion in Leachate Solution 

 
 Figure 10.3 shows the corrosion rates of as-cut and polished sample coupons during the 
testing at room temperature. The arrows indicate the start of weight monitoring for the particular 
sample. In all cases, the corrosion rate is initially high and then reaches a steady state. Based on 
180 days of testing, the corrosion rate is about 0.065-0.07 mm/year for as-cut and polished 
samples directly suspended in the leachate. 
 
 Figures 10.4 and 10.5 show the corrosion rates for as-cut and polished samples tested at 
60°C (140°F) and 80°C (176°F), respectively. Based on 180 days of testing, the corrosion rate is 
about 0.130 mm/year for samples directly suspended in the leachate at 60°C (140°F), double that 
of the room-temperature tested samples. For samples tested at 80°C (176°F), the corrosion rate, 
within the scatter in data, is 0.05-0.1 mm/year, close to that of the room-temperature tested 
samples. At elevated temperatures, passivation of the samples may have led to the unexpectedly 
lower corrosion rates. The mechanism for reduced corrosion rates at elevated temperatures was 
not investigated. 
 
 
10.2.2  Corrosion in Soil Mixed with Leachate (open condition) 
 
 Figure 10.6 shows the corrosion rates for samples that were placed directly in contact 
with soil from Oak Ridge, Tennessee. The pH values of Tennessee soil were determined from 
the Soil Survey Laboratory Information Manual (USDA, 1995) using 1 soil:1 H2O (one part soil 
to one part distilled water by weight) pH of the soil sample that ranged from 6.47-6.76. The soil 
was mixed with the leachate solution, such that the proportion of leachate was about 10% by 
weight (20 ml solution/200 g soil). The sample was completely covered by the soil. The 
container was then covered with aluminum foil (Fig. 10.7). There was some drying of soil as the 
test ensued. Therefore, periodically, leachate solution was added to compensate for the drying. 
Tests were conducted at 23°C (73°F), 60°C (140°F), and 80°C (176°F). The corrosion rate 
initially was high and then reached a steady state. For the 23°C (73°F) tested sample, the  
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FIGURE 10.3  Corrosion rates (C.R.) of (a) as-cut and (b) polished samples 
directly suspended in solution and tested at room temperature 
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FIGURE 10.4 Corrosion rates of (a) as-cut and (b) polished samples 

directly suspended in solution and tested at 60°C (140°F) 
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FIGURE 10.5  Corrosion rates of (a) as-cut and (b) polished samples  

directly suspended in solution and tested at 80°C (176°F) 
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FIGURE 10.6  Corrosion rates of samples placed in soil mixed with leachate 
(open condition) and tested at 23°C (73°F), 60°C (140°F), and 80°C (176°F) 

 
 

 

FIGURE 10.7  Corrosion samples in Oak Ridge 
soil under open condition 
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corrosion rate was almost negligible for the 101 days of testing. For the 60°C (140°F) and 80°C 
(176°F) tested samples, corrosion rates were approximately 0.01-0.015 mm/year.  These rates are 
significantly lower than those observed when samples are directly suspended in the leachate. 
 
 
10.2.3  Corrosion in Soil Mixed with no Leachate (sealed condition) 

 
 Figures 10.8 shows the corrosion rates for samples that were placed directly in contact 
with soil from Oak Ridge. The container was completely sealed so that no evaporation took place 
(Fig. 10.9). The as-received soil was quite wet, and no leachate solution was added in these 
experiments. The sample was completely covered by the soil. Tests were again conducted at 
23°C (73°F), 60°C (140°F), and 80°C (176°F), and the corrosion rate, initially high, reached a 
steady state.  For the 23°C (73°F) tested sample, the corrosion rate was about 0.02 mm/yr for the 
63 days of testing. For the same period, the 60°C (140°F) tested samples reached a corrosion rate 
of 0.04 mm/year. However, for 80°C (176°F) tested samples, the corrosion rate was almost 
negligible for the 63 days. As expected, these corrosion rates are intermediate to the tests where 
the samples were immersed completely in leachate solution, and where the samples were placed 
in soil (with leachate solution) but not sealed. 

 
 

10.2.4  Corrosion in Soil Mixed with Leachate (sealed and open conditions) 
 

 To guarantee a constant concentration of ions in the soil from the leachate solution, 
analogous tests were repeated at room temperature in open and sealed conditions. The soil was 
mixed with the leachate solution such that the proportion of leachate was about 10% by weight 
(20 ml solution/200 g soil) initially, but then deionized water was added to compensate for 
drying (only needed in open conditions). The samples were completely covered by the soil. 
Despite the initial scatter in data, corrosion rates tended to a steady value. For the open 
condition, after 43 days of testing, the corrosion rate ranged from -0.01 mm/year to +0.01 
mm/year (Fig. 10.10). For sealed conditions, the corrosion rates (Fig. 10.11) ranged from -0.03 
mm/year to +0.03 mm/year for the same period. As expected, these values are intermediate to the 
situation where the samples were immersed completely in leachate solution, and where the 
samples were placed in soil (with leachate solution) but not sealed. 
 
 Figures 10.12(a-c) show corroded steel samples after 90-day exposure in leachate 
solution at room temperature, 60°C (140°F), and 80°C (176°F), respectively. Clearly, the degree 
of corrosion is different in the three samples. Corrosion appears to be over a large area and not 
localized. 
 
 
10.2.5  Corrosion in Anaerobic Soil 
 
 Figure 10.13 shows the corrosion rates for samples that were buried for 40 days in 4-in. 
(10-cm)-deep covered containers filled with the Oak Ridge (Tennessee) field soil. Samples were 
placed at a depth of 2 in. (5 cm) of soil to allow the development of anaerobic conditions that  
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FIGURE 10.9  Corrosion samples in Oak Ridge soil in sealed condition 
 



 66  

 

-0.1

-0.05

0

0.05

0.1

0 10 20 30 40 50

Samples in soil in open conditions at room temperature

C.R. (mm/year) Sample #S10
C.R. (mm/year) Sample #S11

C
.R

. (
m

m
/y

ea
r)

Time (day)  
FIGURE 10.10  Corrosion rates of samples placed in soil, 

in open condition, and tested at room temperature 
 
 

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 10 20 30 40 50

C.R. samples in soil in sealed conditions
room temperature

C.R. (mm/year) #S8
C.R. (mm/year) #S9

C
.R

. (
m

m
/y

ea
r)

 

Time (day)  
FIGURE 10.11  Corrosion rates of samples placed in soil, 

in sealed condition, and tested at room temperature 



 67  

 

 

(a) 

 

 

(b) 

 

 

(c) 

FIGURE 10.12  Steel samples suspended in leachate solution for 90 days at 
(a) 23°C (73°F), (b) 60°C (140°F), and (c) 80°C (176°F) 
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FIGURE 10.13  Corrosion rates of samples placed in Oak Ridge soil, in anaerobic 
condition, and tested at room temperature 

 
 
would simulate the environmental conditions in the field when the landfill is capped. As shown 
in the figure, the corrosion rate is negligible for the 40-day period. 
 
 
10.3  SUMMARY 

 
 Table 10.2 summarizes the steady-state corrosion rates of steel determined under various 
test scenarios. These data will allow BJC to determine useful lifetimes of the steel PGE under 
various environmental conditions that may exist within the EMWMF over time. 
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TABLE 10.2  Summary of corrosion rates in various test conditions 

   
Temperature, °C 

 Test Period 
(days) 

 
23 

 
60 

 
80 

 
Surrogate leachate solution 

 
175 

 
0.05-0.075 

 
0.1-0.15 

 
0.04-0.10 

Soil w/o surrogate 
leachate 

Closed container 63 0.02 0.04 ~0 

Open to atmosphere 101 ~0 ~0.01 0.015  
Soil spiked w/ 
surrogate leachate 

Closed container 43 ±0.03   

Dry soil  Anaerobic condition 40 ~0   
   All units reported in mm/yr 
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11  SUMMARY 
 
 This detailed investigation determined the aging behavior of commercial urethane foam 
that potentially will be used for infiltrating contaminated PGE before it is sent to EMWMF in 
ORR for disposal. Various properties that could lead to degradation such as mechanical stresses, 
heat, moisture, temperature cycling, biodegradation, and radiation exposure were studied. In 
addition, the corrosion behavior of the EMWMF steel pipes was studied in various disposal 
scenarios. The data for steel corrosion rate will assist EMWMF personnel in establishing the 
durability of steel structures and in assessing the potential of subsidence due to structural 
collapse. Consequently, they could be used in assessing the design life of the EMWMF.  
 
 The main conclusions from this study are as follows: 
 

• Baseline mechanical property characterization of the as-received urethane 
foam (density of 3.1 pcf) showed that unconfined compressive strengths were 
anisotropic. Compressive strengths were 50 psi in the direction of foam rise 
(longitudinal) and 31 psi in the direction perpendicular to foam rise 
(transverse).  

 
• Compressive strength of urethane foam degrades with test temperature. 

Strength dropped by 40% at 90°C (194°F) to 19 psi from a room temperature 
value of 31 psi. 

 
• Thermal aging of the as-received foam (3.1 pcf), in both air and water 

environments, did not show any mechanical degradation (as characterized by 
compressive strengths) when exposed to temperatures as high as 90°C (194°F) 
and for periods as long as 60 days. However, the density of the material 
decreased with long-term aging. 

 
• Dry and wet freeze-thaw cycling did not degrade the compressive strength of 

the urethane foam. 
 

• Urethane foam did not biodegrade under anaerobic conditions. The rigid foam 
(3.1 pcf) used in this study is resistant to microbial attack due to its chemical 
and physical structure. 

 
• Irradiation of the urethane foam (3.1 pcf) resulted in no significant 

degradation of the foam, and the gas generation was minimal during a gamma 
irradiation to a “1000-year alpha and gamma” dose on the entire sample 
volume. 

 
• Confined compression tests conducted on 3.1 pcf density foam failed the 

compressibility requirement (<10% deformation at 75 psi) for overburden 
loads.  
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• Higher density foams (4-7 pcf) showed improved response in confined 
compression tests. However, foam B (6.6 pcf) performed best in both 
directions, i.e., parallel and perpendicular to the foam rise. 

 
• In long-term testing (1000 h) of foam B under a fixed compressive stress of 75 

psi (equivalent to 90-ft soil depth), the maximum deformation was ~ 8%. 
Longer term testing on a larger sample size is recommended. 

 
• Corrosion tests on the ASTM A51 steel were conducted under four 

conditions: (a) sample suspended in leachate, (b) sample buried in soil mixed 
with leachate and soil open to air, (c) sample buried in soil mixed with 
leachate in a sealed container, and (d) sample buried in soil to create anaerobic 
conditions. Corrosion rates, at room temperature, for the above test conditions 
were 0.065 mm/yr, negligible, 0.03 mm/yr, and negligible, respectively. 
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APPENDIX 1: 
 

TEST DATA FOR AS-RECEIVED URETHANE FOAM SAMPLES 
 

1.1  Density and unconfined compressive strengths 
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1.2  Stress-strain plots from compression testing  

0

5

10

15

20

25

30

0 0.05 0.1 0.15

C
om

pr
es

si
ve

 S
tre

ss
 (p

si
)

Strain (in/in)

Unconfined Compressive Strength Tests for 
Rise Urethane Foam (2.6 pcf) 

 
 

0

10

20

30

40

50

60

0 0.05 0.1 0.15

C
om

pr
es

si
ve

 S
tre

ss
 (p

si
)

Strain (in/in)

Unconfined Compressive Strength Tests for 
Constrained Rise Urethane Foam (3.3 pcf) 
- Top Section

Longitudinal

Transverse

 



 77  

 

0

10

20

30

40

50

60

70

0 0.05 0.1 0.15

Unconfined Compressive Strength Tests for 
Constrained Rise Urethane Foam (3.3 pcf) 

- Middle Section

 C
om

pr
es

si
ve

 S
tre

ss
 (p

si
)

Strain (in/in)

Longitudinal

Transverse

 
 
 

0

10

20

30

40

50

60

70

80

0 0.02 0.04 0.06 0.08 0.1

 C
om

pr
es

si
ve

 S
tre

ss
 (p

si
)

Strain (in/in)

Transverse

Longitudinal

Unconfined Compressive Strength Tests for 
Constrained Rise Urethane Foam (3.3 pcf) 
- Bottom Section

 
 

 
 



 78  

 



 79  

 

APPENDIX 2: 
 

TRIAXIAL TEST DATA ON LONGITUDINAL (V) AND 
TRANSVERSE (H) CUT URETHANE FOAM (3.1 PCF) 
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APPENDIX 3: 
 

EFFECT OF TEMPERATURE ON URETHANE FOAM COMPRESSION STRENGTH 
 

Sample 

 
Test Temp 

(°F) Dia. (in) H (in) 
Sample 

weight (g) 
Failure Load 

(lb) 
Failure 

Stress (psi) 
1 158 2.24 2.36 7.4158 94 23.8 
2 158 2.24 2.40 6.9185 92 23.7 
3 158 2.25 2.35 7.3633 77 21.8 
4 158 2.19 2.34 7.1387 96 25.6 
5 158 2.24 2.38 7.5057 99 25.1 
6 194 2.19 2.37 6.8520 66 17.5 
7 194 2.24 2.37 7.5126 78 19.8 
8 194 2.24 2.36 7.0607 81 20.5 
9 194 2.20 2.38 7.4213 79 20.7 

10 194 2.22 2.33 6.4271 69 17.9 
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APPENDIX 4: 
 

THERMAL AGING TEST RESULTS 
 
4A) Dry aging 
 
Sample ID Key: Sample #-Days-Air (A)-Test Temp (°C) 
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4B) Water Aging 
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APPENDIX 5: 
 

CONFINED COMPRESSION TEST ON 3.1 PCF FOAM 
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APPENDIX 6: 
 

COMPRESSION AND CREEP TESTING DATA (NEW HIGHER DENSITY FOAMS) 
UNCONFINED COMPRESSION TESTS 
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Confined Creep Testing: 64 psi (4.6 tsf) 



 115  

 

 



 116  

 



 117  

 

 
 
 



 118  

 

Creep Testing at 75 psi (5.4 tsf) 
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APPENDIX 7: 
 

BIODEGRADATION LITERATURE REVIEW 
 
 
A7.1   Introduction 

 
 Polyurethane, which is a type of plastic, has been widely used for almost half a century in 
the health, automotive, and industrial fields. The unique chemical and physical properties of PU 
give it a range of characteristics and a wide range of applications in these fields. Many types of 
PU are polymers with diverse end use in the form of coatings, adhesives, constructional 
materials, fibers, elastomers, padding, paints, and medical implants. PUs could also be used in 
the environmental field, in the form of foams, for many remediation applications as an isolation 
material to prevent the release of hazardous materials into the environment. Hence, this class of 
materials has received wide attention for their synthesis, morphology, and chemical and 
mechanical properties (Chen et al., 2000). 
 
 Polyurethanes are synthesized from three basic components: a diisocyanate, a polyglycol, 
and an extender, usually a low-molecular-weight diol, diamine, or water. If the extender is a diol, 
the polyurethane consists entirely of urethane linkages. If the extender is water or diamine, both 
urethane and urea linkages are present, and the polyurethane is termed a “polyurethane urea.” 
 
 Polyurethanes are produced using low-molecular-weight prepolymers, i.e., various block 
copolymers. The terminal hydroxyl group allows for alternating blocks, called “segments,” to be 
inserted into the PU chain. Blocks providing rigid crystalline phase and containing isocyanate 
and the chain extender are referred to as “hard segments.” Those yielding generally either 
noncrystalline or a low crystallinity phase and containing polyester/polyether are called “soft 
segments.” Commercially, these block polymers are known as segmented PUs (Young and 
Lovell, 1994; Fried, 1995). 
 
 The morphology of polyurethane is a function of the following variables: structure of the 
soft segment, chain length of the soft segment, structure of the diisocyanate monomer, structure 
and chain length of the chain extender, amount and chain length of the hard segment, segment 
compatibility, type of the catalyst blowing agent, and thermal history (Frisch, 1997).  

 
 

A7.2  Chemical Structure and Properties of PUs 
 
 PU is a polymer that has repeated units of a urethane moiety as shown in Fig. A7.1. 
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FIGURE A7.1  Structure of polyurethane (Nakajima-Kambe et al., 1999) 
 

 
 The simplest formula for PU is linear and represented by 
 

(R1 - R2)n 
 
where: 
 
 n = number of repetitions 
 
 R1 = hydrocarbon containing the OH group, or soft segment, with a low glass transition 

temperature (i.e., < 25ºC) 
 
 R2 = hydrocarbon chain 
 
 It is possible to produce different kinds of PUs just by variations in the R group and 
substitutions of the amide hydrogen. As PU contains repeated urethane groups, other moieties 
also may be included, for example, urea, ester, ether (Saunders and Frisch, 1964) (Table A7.1). 
Urethane linkage is due to the synthesis by condensation of one isocyanate, ─N═C═O, with an 
alcohol, ─OH (Dombrow, 1957; Kaplan et al., 1968). The hydrogen atom of the hydroxyl group 
is transferred to the nitrogen atom of the isocyanate (Bayer, 1947). PUs are usually classified 
into polyether and polyester polyurethanes, depending upon the group of polyols used as the soft 
segment during the synthesis (Urbansky et al., 1977; Ruiz et al., 1999).  
 
 One of the factors which determine the properties of the polymer is the ratio of hard and 
soft segments. Generally, the hard segment contributes to hardness, tensile strength, impact 
resistance, stiffness, and modulus. On the other hand, the soft segment contributes to water 
absorption, elongation, elasticity, and softness. Modification of these segments might result in 
changes in the degree of tensile strength and elasticity. Hence, it is possible to produce versatile 
PU polymers whose properties can be easily modified by varying their molecular structures of 
soft segment and hard segment (Zhang et al., 2003).  
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TABLE A7.1  Raw materials used during the synthesis of PUs 

 
Polyisocyanate 

 
2,4-Toluene diisocyanate (2,4-TDI) 

 2,4-TDI/2,6-TDI (80/20 mixture) 
 4-4’-Diphenylmethane diisocyanate 
 1,3-Xylylene diisocyanate 
 Hexamethylene diisocyanate 
 1,5-Naphthalene diisocyanate 

 
Polyol 
Polyester-type 

 
Poly(butylene adipate) 

 Poly(ethylene butylene adipate) 
 Poly(ethylene adipate) 
 Polycaprolactone 
 Poly(propylene adipate) 
 Poly(ethylene propylene adipate) 

 
Polyol 
Polyether-type 

 
Poly(oxytetramethylene) glycol 

 Poly(oxypropylene) glycol 
 Poly(oxypropylene)-poly(oxyethylene) glycol 

 
Chain extension or 
crosslinking agent 

 
1,4-Butanediol 

 Ethylene glycol 
 2,2-Dimethyl-1,3-propanediol 
 Trimethylolpropane 
 1,2,6-Hexanetriol 
 1,3- Butanediol 
 Glycerol 

 
 
 Inorganic particles including talc, mica, SiO2 and CaCO3 are usually used during the 
synthesis as fillers to improve the properties of PUs, but limited improvements in the mechanical 
properties of PUs have been limited because of their larger size or small amount in aspect ratio 
(Zhang et al., 2003). Linear PUs are generally used in the production of fibers and molding 
(Urbanski et al., 1977); otherwise, flexible ones are used to produce coatings and binding agents 
(Saunders and Frisch, 1964). Modifications in the spacing, within branch chains, and also 
variations in the number of substitutions can produce PUs ranging from branched to linear or 
flexible to rigid.  
 

Rigid PU foams are produced from polyisocyanates [usually polymeric methylenediphenyl 
diisocyanate (MDI)] and polyols of higher functionality, e.g., polyalkylene oxide adducts of 
polyethers such as sucrose, sorbitol, pentaerythritol, ethylenediamine, toluenediamine, and 
methylene bis(aniline), as well as combinations of these polyols, resulting in a network with high 
cross-link density. In recent years, aromatic polyesters also have been used extensively in 
combination with other polyols in rigid polyurethane (Frisch, 1997).  
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A7.3  Degradation of PUs  
 
 Physical, chemical and/or biological degradation of PUs is possible; the chemical and 
physical degradation of polymers implies that microorganisms, macroorganisms, or enzymes are 
not present and that the aging is totally dependent on physical, chemical, and/or mechanical 
influences. 
 
 Aging of PU might be slow but is irreversible, and it might result in the decrease of the 
essential properties of the polymeric material (Albertson and Karlsson, 1997). Many parameters, 
including processing conditions, additives, and morphology of the polymer, are effective in 
aging of PU. The application of the PU also might affect its fate in the environment. The 
chemical structure of polymers is especially important in determining the degradability of PUs. 
Low-molecular-weight compounds present in the chemical structure of the PU increase the 
degradation behavior because they are more accessible to biochemical reactions.  
 
 Air (oxygen), light, humidity, temperature variations, and biological agents are usually 
the most important factors affecting the degradation of the PUs (Albertson and Karlsson, 1997). 
It has been known that polyether PUs are more sensitive to the oxidative degradation than 
polyester PUs (Khatua and Hsieh, 1997). On the other hand, polyester PUs are more sensitive to 
hydrolytic degradation than polyether PUs (Labow et al., 2005). 
 
 The lifetime of polymers varies considerably, from a couple days to several years, 
depending on the type. Amorphous regions are more susceptible to hydrolysis reactions and 
microbial attacks than crystalline regions. Highly ordered crystalline regions are usually more 
difficult to penetrate than the amorphous part because microorganisms and enzymes cannot come 
into close enough contact in highly crystalline regions to cause aging. A hydrophobic polymer is 
often less degradable than a hydrophilic one, and the hydrophobicity substantially decreases the 
hydrolysis rate and the microbial attack. The characterization of the surface is an important 
factor in defining degradation of PUs in the environment (Albertson and Karlsson, 1997) because 
their hydrophobicity is also important during the biodegradation, which mainly takes place on 
the surface. It has been generally reported that as the hydrophobicity of PU increases, higher 
levels of bacterial adhesion and protein absorption on the surface are detected (Kim and Kim, 
1998). From these statements, it can be concluded that hydrophobic and hydrophilic segments 
may decrease or increase the degradability. Hydrolyzable and/or oxidizable linkage affects the 
degradability of PU. Linear PUs are considered to be more susceptible to degradation than the 
branched polymer (Albertson and Karlsson, 1997).  
 
 The amount of hard segment in the structure of PU is also an important factor in its 
susceptibility to the microbial attack. Kim and Kim (1998) reported that polyurethane with a 
hard segment content of 11% is more biodegradable (41% of polyester PU degraded) than a hard 
segment content of 34.6% (~1% of PU degraded) under composting conditions. The soft 
segment part is normally a polyester or polyether of molecular weight between 500 and 3000, 
and the hard segment part is composed of a low-molecular-weight diol or diamine reacted with 
diisocyanate (Chen et al., 2000; Khatua and Hsieh, 1997). Hydrolytic and enzymatic degradation 
of hard segments containing aliphatic diisocyanate is higher than that of an aromatic hard 
segment containing diisoyanate (Kim and Kim, 1998). Furthermore, degradation of the hard 
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segment containing a higher amount of diol carbon chains in polyol (~16% of PU degraded) is 
higher than that of the hard segment containing less diol carbon chains (~5 % of PU degraded) 
under composting conditions (Kim and Kim, 1998). This difference could be due to less 
crystallinity and more flexibility as the number of diol carbon chains increases in the hard 
segment of PU (Frisch, 1997). 
 
 Many degradation mechanisms that occur simultaneously or subsequently are responsible 
from the abiotic and biotic aging of polymers. Abiotic and biotic ester formation, Norrish type I 
and type II photolytic degradation, and biodegradation of polyether are some reactions that can 
proceed when ester or ketone functions are present in the polymers (Albertson et al., 1987).  

 
 

A7.4   Biodegradation of PU 
 
 Microbial degradation can mainly be divided in two big blocks: urethane bonds and 
polyol segments because they are the major constituents of PU.  
 
 Whatever the kind of polyurethane, microbial degradation of PU is dependent on the 
secretion of the extracellular enzymes. Urethane compounds of low molecular mass can be 
hydrolyzed by microorganisms, and this hydrolysis is catalyzed by an esterase (Matsumura et al., 
1985; Marty and Vouges, 1987; Pohlenz et al., 1992; Owens et al., 1996; Oshiro et al., 1997). 
But the investigation on bond degradation is not very extensive, and it is not clear yet if PU 
bonds are hydrolyzed directly or following breakdown into low-molecular-mass compounds 
(Filip, 1978; Jansen et al., 1991). 
 
 The biodegradability of PU was first reported in 1966 by Ossefort and Testroet. As soon 
as the properties of PUs are modified, the tensile strength and elasticity change, determining the 
accessibility to degrading enzyme systems (Pathirana and Seal, 1983; Howard, 1999). It has been 
reported that polyester PUs are more biodegradable than polyether PUs (Darby and Kaplan, 
1968). However, it is very difficult to compare the different results given by each researcher 
because the PU type and the microorganism type are different for each study. Many reports have 
been published on PU biodegradation in the laboratory under controlled conditions, especially 
biodegradation of polyester PU by microorganisms (main attention has been given to fungi) 
(Nakajima-Kambe et al., 1995). Table A7.2 summarizes PU degrading microorganisms in the 
literature. However, these results mostly come from lab studies, in many cases providing 
additional nutrients to microorganisms, and highly concentrated enzymes must be used for the 
biodegradation of PUs. The literature has no study on PU biodegradation in the environment. 
Field studies, nevertheless, are necessary in assessing the benefits and obstacles associated with 
the use of PUs as insulator materials for bioremediation applications in the environment. 
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TABLE A7.2  Polyurethane (PU)-degrading microorganisms (PE = polyether, PS = polyester)  
(Nakajima-Kambe et al., 1999) 

 
Microorganisms 

 
PU 

 
Putative degrading enzymes 

 
Reference 

 
Fungi 

   

Aspergillus niger PS, PE Unknown Darby and Kaplan 1968 
A. avus PS, PE Unknown Darby and Kaplan 1968 
A. fumigatus PS Esterase Pathirana and Seal 1984 
A. versicolor PS, PE Unknown Darby and Kaplan 1968 
Aureobasidium pullulans PS, PE Unknown Darby and Kaplan 1968 
 PS Unknown Crabbe et al. 1994 
Chaetomium globosum PS, PE Unknown Darby and Kaplan 1968 
 PS PS Esterase, protease, urease Pathirana and Seal 1984 
Cladosporium sp. PS Unknown Crabbe et al. 1994 
Curvularia senegalensis PS Esterase Crabbe et al. 1994 
Fusarium solani PS Unknown Crabbe et al. 1994 
Gliocladium roseum PS PS Esterase, protease, urease Pathirana and Seal 1984 
Penicillium citrinum PS PS Esterase, protease, urease Pathirana and Seal 1984 
P. funiculosum PS, PE Unknown Darby and Kaplan 1968 
Trichoderma sp 
 

PS, PE Unknown Darby and Kaplan 1968 

Bacteria    
Comamonas acidovorans PS Esterase Nakajima-Kambe et al. 1991 
Corynebacterium sp. PS Esterase Kay et al. 1991 
Enterobacter agglomerans PS Unknown Kay et al. 1991 
Serratia rubidaea PS Unknown Kay et al. 1991 
Pseudomonas aeruginosa PS Unknown Kay et al. 1991 
Staphylococcus epidermidis PS Unknown Jansen et al. 1991 

 
 
 A7.4.1  Biodegradation of Polyesters 

 
 Polyester PUs are considered to be susceptible to biodegradation by several kinds of 
fungi and bacteria. The biodegradation of PUs is due to their use as a sole source of carbon 
and/or nitrogen or co-metabolism by microorganisms under mostly aerobic conditions. 
Enzymatic attack on PUs could be due to hydrolases such as ureases attacking the urea bonds, 
proteases attacking the amide bonds, and esterases attacking the many ester bonds (Vega et al., 
1999). Indeed, proteolytic enzymes (papain and urease) and cholesterol esterase have been 
shown to degrade PUs in vitro. Several reports have appeared in the literature on polyester PU 
degradation due to the hydrolysis of the ester bonds, but not because bacteria utilized them as a 
primary nutrient source nor as a result of co-metabolism (Kay et al., 1993). However, Nakajima-
Kambe et al. (1997) reported a bacterial strain, Comamonas acidovorans, which uses the solid 
polyester PU as the sole carbon and nitrogen source. Akutsu et al. (1998) suggested that 
extracellular membrane-bound esterase activity is essential in PU degradation.  
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 A7.4.2  Biodegradation of Polyethers 
 

 Although ester PUs are susceptible to microbial attacks, polyether PUs are relatively 
more resistant to this kind of attack. A study by Darby and Kaplan (1968) reports that polyether 
PUs are hardly susceptible to microbial degradation. This difference could be due to the PU 
biodegradation mechanism, which involves exo-type depolymerization in the ether PUs (Kawai 
et al. 1978, 1985), but endo-type depolymerization in the ester PUs (Nakajima-Kambe et al., 
1999). However, it has been shown that degradation/deterioration of polyethylene PU can 
happen in many medical implants and tissue engineering materials made from this material, 
which are exposed to many hydrolytic enzymes and oxidants in the human body (Christenson et 
al., 2005; Ebert et al., 2005; Santerre et al., 2005). On the other hand, Brown et al. (1999) 
reported no sign of biodegradation of polyether PU foams under accelerated anaerobic conditions 
in a landfill simulator after 21 months of treatment.  

 
 The polyether PU preincubation with non-physiological enzyme (known as “papain”) 
decreased the mechanical stability of the materials, but specifically decreased their tensile 
strength and the fatigue lifetime (Stokes and McVennes, 1995; Zhao et al, 1987). In another 
study, Santerre et al. (2005) were able to assess the release of toluene diamine (TDA) from a 
polyether-urea-urethane by using radiolabeled diisocyanates when this PU was exposed to 
cholesterol esterase. The study revealed that the polymers containing the highest amount of 
labeled hard segments showed the least amount of chain cleavage by the enzyme and then TDA 
generation (Santerre et al, 2005). Santerre and Labrow (1997) also tested the consequence of 
hard segment size in the stability of polyether PUs against cleavage. They used three different 
polyether PUs, modifying the molar ratios of [14C]-diisocyanate to chain extender and constant 
polyether makeup. They observed that radiolabel release was quite dependent on the amount of 
hard segment contained in the PU. The PU with the lowest concentration of hard segment and 
higher number of carbonyl groups was disposed on the surface, whereas the increase of hard 
segment concentration does lead to restrictions in polymer chain mobility. Biodegradation of 
polycarbonated polyether PUs by esterase activity is mostly dependent on the hard segment 
chemistry and size (Tang et al., 2001). As mentioned before, the functional groups on polyether 
PU surfaces play an important role in susceptibility of PU to biodegradation. The rank order of 
chemical group susceptibility (Santerre et al., 2005) is given below:  

 
NON-HYDROGEN BONDED CARBONATED >NON-HYDROGEN BONDED URETHANE 

>HYDROGEN BONDED CARBONATED >HYDROGEN BONDED URETHANE. 
 

 The explanation of this could be based on the degree of the hydrogen bond, and because 
of that, this parameter is an important factor during the design of microbial resistant PU. Kanavel 
et al. (1996) also reported that sulfur-cured polyester and polyether PUs possessed some fungal 
inertness. These studies indicate that once the hard-segment density is known, it is easy to tailor 
PU structure and synthesis of nondegradable PUs. 
 
 The biodeterioration of PU is highly undesirable for long-term use of PU as an insulator 
material during the remediation applications. It could result in loss in the integrity of the 
material, which is weakened by microbial attacks, and hence, system failure could occur (Gu and 
Gu, 2005; Dannoux et al., 2005). One of the main problems is that no information exists in the 
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literature on the polyether PU half-life due to biodegradation or reported evidence of polyether 
PU biodegradation in the environment. The only reported information on the half-life of 
polyether PU foam concerns hydrolysis by superheated water, where the half-life is estimated as 
400 years (Mahoney et al., 1974). Hence, in the present study, biodegradation of rigid PU 
samples by hydrolytic action under anaerobic conditions was investigated. 
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QA/QC STUDIES 
 
 To validate the obtained weight loss data, quality assurance procedures were followed. 
The balance (sensitivity 0.1 mg) employed for weighing the PU foams was calibrated by using 
filter papers of known weight with precision of 0.1 mg. The percentage difference between the 
measured and control values ranged from 0 to 0.35% (Table. A7.3). Furthermore, effectiveness 
of the drying procedure used for the weight change determination was also tested on the 
untreated PU foams. The standard deviation ranged between 0.11 and 0.31% of the average 
value, with a standard deviation of 0.06% (Table A7.4).  
 
 

TABLE A7.3  Sensitivity of analytical balance used 
for weighing the PU foams 

 
Filter 
Paper 

Reported 
(g) 

Measured 
(g) Difference 

% 
Error 

 
1 

 
0.1154 

 
0.1154 

 
0 

 
0.00 

2 0.1152 0.1155 0.0003 0.26 
3 0.1151 0.1153 0.0002 0.17 
4 0.1129 0.113 0.0001 0.09 
5 0.1134 0.1137 0.0003 0.26 
6 0.114 0.114 0 0.00 
7 0.1139 0.114 0.0001 0.09 
8 0.1153 0.1155 0.0002 0.17 
9 0.1152 0.1152 0 0.00 

10 0.1155 0.1155 0 0.00 
11 0.1152 0.1156 0.0004 0.35 
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TABLE A7.4  The effectiveness of the drying procedure used for the  
weight change determination 

 
Foam 

 
Run 1 

(g) 
Run 2 

(g) 
Run 3 

(g) Average St. Dev. % Difference 
 

1 
 

2.0713 
 

2.0697 
 

2.0596 
 

2.0669 
 

0.0063 
 

0.31 
2 2.1856 2.1825 2.1801 2.1827 0.0028 0.13 
3 2.2005 2.2013 2.1967 2.1995 0.0025 0.11 
4 1.7896 1.7873 1.7835 1.7868 0.0031 0.17 
5 2.1108 2.1099 2.1025 2.1077 0.0046 0.22 
6 2.4390 2.4378 2.4299 2.4356 0.0049 0.20 
7 2.4080 2.4064 2.4007 2.4050 0.0038 0.16 
8 2.8688 2.8632 2.8588 2.8636 0.0050 0.18 
9 2.8078 2.8074 2.7980 2.8044 0.0055 0.20 

10 2.5706 2.5697 2.5644 2.5682 0.0034 0.13 
    0.18 
    

Overall Avg. 
Overall Std. 0.06 
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APPENDIX 8: 
 

CORROSION TEST RESULTS 
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